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ABSTRACT 
 
MATERIAL CHARACTERIZATION AND STRUCTURAL RESPONSE OF 
HISTORIC BRIDGES 
 
MAY 2010 
 
SEAN L. KELTON, B.S., BUCKNELL UNIVERISTY 
 
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST 
 
Directed by: Professor Sanjay R. Arwade 
 
Historic truss bridges are examined in this thesis through material characterization 
of wrought iron and structural evaluation of an early 20
th
 century pony truss bridge.  The 
mechanical properties of wrought iron from six 19
th
 century truss bridges were evaluated 
through mechanical testing that includes hardness and tension tests.  The main findings of 
this work are: 1) That hardness is a poor predictor of yield and ultimate stress but has 
some ability in screening iron for iron with low ductility, 2) there is a statistically 
significant difference in the distribution of yield and ultimate stresses between material 
samples from different bridges, and 3) that a size effect is present in the material that 
results in lower yield and ultimate stresses for larger members.  Load tests were 
conducted on an early 20
th
 century pony truss bridge where member axial strains and 
truss deflections are measured, which were then simulated in computer models.  The key 
observations are: 1) that connection type between truss members has little effect on 
computer model results, 2) that a significant difference was observed between measured 
axial forces and those predicted in the computer models for certain members, and 3) that 
although the bridge response is best modeled with a pin-roller support condition, 
compressive forces measured in the bottom chord members from temperature change 
indicate the supports have some lateral resistance, thus are not a true pin-roller.   
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CHAPTER 1 
 
 
1 INTRODUCTION 
 
 
In the United States there are thousands of bridges built in the late 19
th
 and early 
20
th
 centuries, which continue to carry traffic loads as originally designed.  Many of these 
bridges are considered historically significant, but are continually decreasing in number 
due to their degrading condition and increasingly stringent highway codes.  Preserving 
these bridges can be difficult, as many of them contain materials and structural forms that 
are unfamiliar to 21
st
 century engineers. A better understanding of the materials and 
structural behavior of these bridges can aid in their preservation and evaluation.  
The Adaptive Use Bridge Project, at the University of Massachusetts Amherst, 
has a collection of ten historic truss bridges that have been donated to the university by 
state transportation agencies and private donors.  Originally built and used in the New 
England states, these bridges contain rare structural forms and historic wrought iron.  The 
Adaptive Use Bridge Project intends to restore and rebuild these bridges on campus for 
pedestrian use, and in the process incorporate them into the Civil Engineering curriculum.  
The goal of this thesis is to provide additional information to aid in the preservation and 
rehabilitation of these and other historic truss bridges.  This is accomplished through 
material characterization of wrought iron from six 19
th
 century bridges, and structural 
analysis of an early 20
th
 century truss bridge by means of load testing and computer 
modeling.  
Wrought iron was used extensively in bridge construction throughout the 19
th
 
century, however by the turn of the 20
th
 century its use in bridges had largely ended and 
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steel had become the dominant material for truss bridge construction.  As a result the 
mechanical properties of this material have not been documented as well as other 
materials still used in modern construction.  Furthermore, the properties of wrought iron 
have been known to exhibit variability, which can be attributed to inhomogeneity in its 
microstructure and also because 19
th
 century wrought iron producers were not required to 
meet any national material standards (Kemp 1993).  To aid in the evaluation and 
rehabilitation of wrought iron bridges, this thesis examines the mechanical properties of 
wrought iron from six 19
th
 century truss bridges.  The variability of strength, hardness 
and ductility in this material is examined, as well as the use of hardness testing as a non-
destructive testing method for predicting the properties of wrought iron.  Finally, results 
from tensile testing were used to examine the size effect in wrought iron. 
Modern structural analysis software is very powerful and enables forces in 
statically determinate and indeterminate structures to be analyzed within seconds.  
Nevertheless, it is important to for engineers to understand the significance of the 
assumptions made when using computer models to idealize truss bridge behavior.  To 
examine this, load tests were conducted on an existing truss bridge on the UMass 
campus, where truss deflections were measured using dial gages, and member axial 
strains were measured with vibrating wire strain gages.  Load tests were simulated using 
2-d and 3-d computer models, where 2 different support conditions and three different 
connection types were considered.  Results calculated in computer models were 
compared with the measured bridge response to examine the model assumptions.  The 
measured values of bridge response from the load tests and the findings of this computer 
analysis will also be used in preparing exercises for the undergraduate structural 
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engineering course at UMass.  Students will create their own models of the Stadium 
Bridge, and draw conclusions about why or why not their results match the measured 
bridge response. 
 This thesis will first introduce wrought iron, and provide additional background 
on wrought iron and truss bridges in the United States.  Next, the wrought iron testing 
program is described in detail, and testing results are presented along with the statistical 
analysis of those results.  Following the discussion of wrought iron testing, the structural 
analysis of the Stadium Bridge is recounted.  First, the instrumentation plan on the bridge 
is described, following with a summary of the load tests conducted on the stadium bridge, 
and a discussion of general observations made regarding the measured bridge response.  
Additional discussion describes the computer models used to simulate the load tests, and 
the measured values of bridge response are compared to those values predicted by the 
computer models.  Finally, the results of the wrought iron testing and truss analysis will 
be summarized and several suggestions for future work will be made. 
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CHAPTER 2 
 
 
2 BACKGROUND AND LITERATURE REVIEW 
 
 
2.1 Wrought Iron 
 
 
Wrought iron has not been used as a structural material in the United States for 
over a century, however many 19
th
 century bridges and structures containing wrought 
iron components remain in service.  The ability to properly assess these structures for 
continued use depends on understanding the properties of the materials with which they 
were made.  This section introduces wrought iron, describes its characteristics, provides 
some background on its history and production, and presents several historical and 
contemporary sources of research on this material. 
 
2.1.1 Description of the Material 
 
 
Unlike other structural metals, wrought iron is a composite material that contains 
both metallic and non-metallic constituents (Gordon 1988).  The microstructure of 
wrought iron consists of a ferrite matrix, composed mostly of iron and small amounts of 
phosphorus, carbon, and silicon (each less than 1%), with slag inclusions dispersed 
throughout it.  Slag, a result of the manufacturing process of wrought iron, is a non-
metallic glass-like substance comprised of fayalite, an iron-silicon-oxygen mineral, or 
glass with a composition similar to fayalite (Gordon 2005).  Slag is unique to wrought 
iron, and is found in well-made material as long strands dispersed throughout the ferrite 
matrix, dividing it into columns and giving it a fibrous appearance.  Although once 
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thought to be an impurity, slag adds to the toughness of wrought iron and is considered 
an essential component (Kemp 1993).  The specimen in Figure 2.1 was prepared by 
scoring one side of a wrought iron bar and bending it back to reveal the fibrous nature of 
the material.   
 
 
Figure 2.1 Fibrous fracture of a bent wrought iron bar. 
 
 
2.1.2 History 
 
 In the United States early wrought iron was produced in an American Bloomery.  
A bloomery, named after the balls of iron it produces called blooms, produced iron in a 
process very similar to that of the Catalan Furnace, which had been used in Europe since 
the 13
th
 century (Kemp 1993).  As with all early methods of iron production, the process 
used in bloomeries was very labor intensive.  Iron ore would be heated in the furnace and 
extracted as a large ball, which was then manually beaten and worked with hammers to 
remove excess slag and form it into the desired shape.  In addition to being labor 
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intensive this method of production was also inefficient, as the amount of iron produced 
every five hours was limited to about 200 lbs (Kemp 1993). 
A major innovation in wrought iron production occurred in 1784 through the 
work of Henry Cort, who introduced a new method of iron production that involved 
heating pig iron in a reverberatory furnace (shown in Figure 2.2).  Unlike a bloomery, the 
reverberatory furnace (also called a puddling furnace) kept iron separate from the fuel 
source and utilized air flow to blow flames back onto the iron, resulting in very high 
temperatures which liquefied the iron (Kemp 1993).  The advantage of the puddling 
furnace was the ability to produce a much larger quantity of iron with less fuel 
consumption (Kemp 1993).   
 
Figure 2.2 Cross section of a puddling furnace where f is the fireplace, where fuel was 
burned, b the bed, or puddle where the iron would be heated, fl the flue, p pillars 
supporting the furnace. Image taken from Kemp (1993). 
 
 
Production of wrought iron in a puddling furnace first began with melting pig 
iron.  The molten pig iron, called a puddle, was manually stirred to oxidize carbon and 
other impurities such as sulfur, silicon, and phosphorus from the iron.  As these 
impurities were refined from the iron, the fusion temperature of the molten iron increased 
until the furnace temperature (roughly 2600 
o
F) was insufficient to keep the iron in a 
liquid state, and it took the form of a spongy mass saturated with molten slag (Aston & 
Story 1936).  The iron was then removed from the furnace in a mass of 200-300 lbs, 
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called a „sponge ball‟.  The sponge ball was then put through a squeezer, which pressed 
out the excess slag and rolled the iron into rough bar sections called „muck bar‟.  The 
muck bar would be cut into smaller sections, piled with bars from other furnaces, 
reheated to welding temperature, and then rolled into structural shapes.  Muck bars from 
several furnaces were piled together in order to improve uniformity of the material, since 
it was difficult to control the chemical and physical properties of wrought iron from 
furnace to furnace (Aston 1936).    
Another innovation by Henry Cort was the rolling mill, which enabled wrought 
iron to be easily worked into structural shapes such as bars, I-sections, and channels 
(Kemp 1993). These developments led to a dramatic increase in wrought iron production 
and for the first time engineers were able to use this material in structural applications 
such as bridges.  By the middle of 19
th
 century wrought iron had become a primary 
bridge building material in the United States, however by the turn of the 20
th
 century its 
use in bridges had been largely replaced by steel. 
 
2.1.3 Existing Research on Wrought Iron 
 
 In the late 19
th
 century, as steel production increased, wrought iron was gradually 
phased out as a structural metal in bridges.  As a result, the mechanical properties of 
wrought iron have not been as well documented as those of structural metals still used in 
new construction.  Nevertheless, there was great interest in the properties of wrought iron 
manufactured in the second half of the 19
th
 century, and several significant contemporary 
studies on wrought iron were conducted (Beardslee 1879, Kirkaldy 1862).  Although the 
testing methods and equipment used by 19
th
 century researchers did not have the 
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capability to measure certain properties that may be of interest today, such as yield stress 
and elastic modulus, these studies remain a valuable reference for those interested in the 
properties of wrought iron. 
 David Kirkaldy, a Scottish engineer, conducted some of the most noteworthy 
research on wrought iron in the 19
th
 century.  Using standardized testing procedures and 
specimens, Kirkaldy performed over 1000 tensile tests on wrought iron coupons taken 
from bars, plates, and angle irons, publishing the results in his book: Experimental 
Inquiry into the Comparative Tensile Strength and Other Properties of Various Kinds of 
Wrought-Iron and Steel (Kirkaldy 1862).  Kirkaldy was careful to randomly select his 
source material from supplier‟s stocks, eliminating the possibility of supplier‟s providing 
him with their best iron that might not have been representative of typical wrought iron.  
Although unable to measure a yield stress with his testing equipment, values of ultimate 
strength, elongation, and reduction in area were reported for all tests.    
Kirkaldy also investigated the effect of hot working (synonymous with rolling) on 
wrought iron strength.  The degree of working correlates closely with the size of the iron 
member, with more working required to fabricate members with smaller cross sections, 
so the effect of working on strength appears as a size effect, with smaller members 
possessing greater strength.  As the iron is worked down to smaller thicknesses impurities 
within the iron, such as slag, are better distributed, thus improving the overall quality of 
the iron.  Through his testing many different bars of varying thickness, Kirkaldy observed 
a decrease in strength of specimens tested from larger bars compared with those from 
smaller thickness bars, although this effect was found to vary among the different makes 
of iron he tested.  For lower quality iron he observed an 8% increase in strength between 
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bars of 1.25 inch thickness and bars of 0.625 inch thickness, while for higher quality iron 
with the same change in dimension the increase in strength was found to only be 1%.  To 
examine this further, Kirkaldy cut four pieces of iron off a single 1.25 inch diameter bar, 
and re-rolled those pieces down to sizes of 1.25, 1.0, 0.75, and 0.5 inches and tested the 
tensile strength of these bars.  From this testing he found that the bars with the smaller 
cross sections had greater ultimate strength, with the 0.5 inch bars being 5% stronger than 
the 1.25 inch bars.   
In the latter part of the 19
th
 Century, a government sponsored program was begun 
in the United States to investigate the mechanical properties of wrought iron for use in 
chain cables for ships.  The findings of the program, overseen by Commander L.A. 
Beardslee U.S.N., were published under the title: Experiments on the Strength of 
Wrought-Iron and of Chain-Cables, (Beardslee 1879).  Although the primary goal of the 
program was to investigate the strength of wrought iron bars that could be forged into 
chain cables for the U.S. Navy, the bars tested could also have been used as bridge 
tension members.  Iron was acquired from 14 major producers of wrought iron in the 
U.S., but it should be noted that the samples were not randomly selected by Beardslee 
from the iron producers‟ stocks.  It is therefore possible the quality of the iron may be 
better than what was typical of the time.  Regardless, the Beardslee report is still a useful 
source of information that contains results from hundreds of wrought iron tension tests, 
which include both yield and ultimate strength values.  Unlike Kirkaldy‟s work a decade 
earlier, Beardslee was able to measure yield stress by using a method in which the first 
observable elongation without a load increase was taken as the yield strength. In addition 
to mechanical testing the Beardslee report also examined the chemical composition of 
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wrought iron and the effects of phosphorus, carbon, and silicon content on strength and 
ductility.   
Beardslee also investigated the size effect in wrought iron.  In addition to 
performing tensile tests on wrought iron bars of varying size, he also visited iron mills 
and carefully observed the process of rolling.  Included in his report are detailed tables 
listing strength, original pile size, and number of times passed through rollers for bars of 
different thickness.  Like Kirkaldy, he also observed bars of lesser thickness to have 
greater tensile strength than bars of larger thickness.  Numerical values of strength from 
the Beardslee and Kirkaldy references will be used later in this thesis for comparison to 
the results of testing the UMass bridge iron. 
More recently there has been renewed interest in understanding the properties of 
wrought iron to improve the evaluation of historic structures for rehabilitation.  Several 
researchers have examined wrought iron specimens sampled from historic structures, 
with the primary goal of providing material properties to aide in the evaluation of these 
structures.   Gordon and Knopf (2005) examined the properties of wrought iron acquired 
from three 19
th
 century truss bridges in upstate New York.  Properties such as strength, 
ductility, hardness, and chemical composition were investigated as well as their relation 
to one another.  Gordon and Knopf (2005) also emphasized the importance of a balance 
between wrought iron‟s toughness and strength for it to continue to safely serve in a load 
bearing structure.  Iron with good toughness will deform plastically before failure, while 
very strong iron may lack toughness and is more susceptible to brittle failure (Gordon and 
Knopf 2005).  
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In another recent study, Bowman and Piskorowski (2004) tested wrought iron 
from components of two 19
th
 century truss bridges originally located in Indiana.  Test 
coupons were sampled from eye-bars and tension bars of these bridges and uniaxial 
tension tests, Charpy V-notch impact, hardness, chemical analysis, and several fatigue 
tests were performed. 
Other testing of wrought iron from historic bridges includes the work of Ellelby et 
al. (1976), Fu and Harwood (2000), and Keller and Kirkpatrick (2006). These researchers 
only tested a small number of specimens, as the primary goal of testing was to obtain 
some information on material properties to use in the design of rehabilitation strategies 
for the bridges from which the iron was taken.  Results from these modern tests of 
wrought iron are listed in Table 2.1, which includes values of average yield and ultimate 
strength from all tests, and coefficient of variation for each. 
 
Table 2.1 Summary of results from modern testing of wrought iron. 
Paper Authors 
# Specimens 
Tested 
Ave. Fy 
(ksi) 
COV 
(%) 
Ave. Fu 
(ksi) 
COV 
(%) 
Bowman and Piskorowski (2004) 25 29.4 8.9 46.9 5.4 
Ellelby et al. (1976) 16 34.7 6.2 47.8 8.7 
Fu & Harwood (2000) 4 33.5 10.6 50.5 3.7 
Gordon & Knopf (2005) 6 38.8 13.1 52.3 5.5 
Keller & Kirkpatrick (2006) 6 34.6 7.3 46.7 5.4 
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2.2 Truss Bridges  
 
In the beginning of the 19
th
 century several innovations in metallurgy enabled cast 
and wrought iron to be produced in large quantities for the first time (Kemp 1993).  This 
prompted designers to adopt iron for bridge construction in place of traditional materials, 
such as wood and stone, and led to a new science based approach in design.  The field of 
bridge engineering developed rapidly and saw the formation of many bridge fabrication 
companies that would sell their own designs through catalogues to towns or private 
owners (Kemp 1993).  The bridges built by these companies made use of a variety of 
structural forms and materials, and many of them remain in service today.  Evaluation 
and rehabilitation of these bridges for continued use poses a challenge to modern day 
engineers as they are often unfamiliar with the archaic materials and structural forms 
found in these bridges (DeLony and Klein 2005).   
Load testing was carried out on an existing truss bridge, instrumented with dial 
gages and strain gages, with two goals in mind.  First, to examine the behavior of an 
existing truss bridge by comparing measured bridge response to the response predicted 
through computer models; second, although not described with detail in this thesis, is to 
use results from load testing in the undergraduate level structural analysis course at 
UMass.  The following section will describe the work of several researchers who 
examined truss bridge behavior through load testing, and some unexpected aspects of 
behavior they observed. 
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2.2.1 Safety Concerns and Preservation 
 
Bridge safety has recently been brought to the attention of the public with the 
Interstate 35 Bridge disaster in Minneapolis.  This has raised concerns about the safety of 
many older bridges, including many old truss bridges built prior to the era of modern 
standards.  These structures require careful inspection and rehabilitation is often 
expensive, it is therefore important to establish accurate load ratings of these structures 
(Boothby and Craig 1997).  The ability of engineers to correctly evaluate the condition 
and load capacity of historic truss bridges depends not only on a sound understanding of 
their material properties, but also of their structural behavior 
 
2.2.2 Existing Research on Truss Bridge Behavior 
 
Several researchers have investigated truss bridge behavior through field 
instrumentation and load tests.  While the majority of these researchers have performed 
non-destructive load testing of existing bridges, others have conducted full scale 
destructive testing of truss bridges.   
Aktan et al. (1994) performed destructive testing on two early 20
th
 century truss 
bridges in Ohio.  The bridges, a Pratt through truss and a camelback through truss, were 
loaded by actuators, and several load tests were conducted on each bridge, including a 
test where each bridge was loaded until failure.  They found that support conditions had a 
major influence in the ultimate behavior of the bridge.  On one of the bridges, the Pratt 
through truss, the rollers had been rusted fixed, which allowed them to resist significant 
lateral loads; however once enough load was applied to the bridge the rollers slipped, 
14 
 
resulting in a sudden surge in axial load on the bottom chord and caused the bridge to fail 
in a brittle manner.  Aktan et al. (1994) also observed that analytical analysis methods 
overestimated forces in the bottom chords, and calculated deflections differed from 
measured by 15%, possibly due to the lateral resistance provided by the rollers. 
Other researchers, such as Boothby and Craig (1997) and DelGrego et al (2008) 
have used instrumentation and non-destructive load testing to investigate truss bridge 
behavior.  Delgrego et al. (2008) investigated the behavior of an early 20
th
 century truss 
bridge carrying a commuter rail line by installing 372 strain gages on the bridge, and 
measuring the stresses that resulted from passing trains.  One goal of their study was to 
investigate the load distribution between multiple eye-bars of an individual truss 
diagonal.  In many of the diagonals, larger stresses were measured in the outer eye-bars 
than in the inner ones.  They concluded that this behavior resulted from the deck beam to 
truss connection.  The deck beams of this bridge were rigidly connected to the truss 
verticals through angles and rivets.  As trains passed over the bridge the these beams 
deflected and their ends rotated, causing out of plane bending in the vertical members, the 
bottom chord, and in the diagonal members.  Despite this, they concluded that the 
stresses were small enough that the fatigue life of the outer members would not be 
significantly reduced, as member stresses in the bridge did not exceed 5 ksi. 
 Although most truss bridges can be analyzed as statically determinant structures, 
it is possible for analytical models to overlook certain aspects of behavior, as 
demonstrated by the deck beam-truss connection behavior observed by DelGrego et al. 
(2008).  Bakht and Jaeger (1990) present several additional examples of unexpected truss 
behavior.  First, from the load testing two 100 year old truss bridges, they observed a 
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difference in force between the two components of a built-up tension chord.  They 
observed that in some cases the outer component carried more axial force, while in other 
cases the inner component carried more.  They note that the difference in force 
distribution is greater in pin-connected bridges than in bridges with gusset plates; 
however, they noted that in rigid-jointed trusses the outer component typically carried the 
greater tensile load.  Bakht and Jaeger (1990) also discuss some of the effects of floor 
systems on truss bridge behavior.  They cite a load test conducted on a bridge, where the 
tensile force measured in the bottom chord was less than the expected value by a factor of 
15.  The stringers of this bridge‟s deck system were found to act as part of the bottom 
chord and carried significant portion of the bottom chord‟s tensile force.  Next they 
mention a short pony truss bridge in which the floor system carried approximately 8% of 
the applied load, as the stringers of the floor system spanned the truss supports and the 
floor system was found to have approximately 1/8
th
 the total stiffness of the trusses.  
Aspects of bridge behavior such as these can be overlooked by two-dimensional 
computer models and demonstrate that field testing is sometimes the only way to 
establish the true behavior of a truss bridge. 
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CHAPTER 3 
 
 
3 WROUGHT IRON MATERIAL CHARACTERIZATION 
 
3.1 Introduction and Testing Objectives 
 
Mechanical testing was conducted on wrought iron specimens taken from six 19
th
 
century truss bridges, which were donated to the Department of Civil and Environmental 
Engineering at UMass by MassHighway.  Constructed within a span of 15 years, the first 
in 1880 and the last in 1895, these bridges were mostly taken from rural town roads and 
have relatively short span lengths; ranging from 40 feet to 103 feet.  Built by several 
manufacturers the bridges include five different truss configurations: a Warren pony 
truss, two Pratt pony trusses, a Pratt through truss, a lenticular pony truss, and a lenticular 
through-truss.  It is the intention of the Adaptive Use Bridge Project to rehabilitate and 
place these bridges in various locations around the UMass campus for pedestrian use; 
therefore test coupons were taken from easily replaceable members, mainly beam 
hangers.  For two of these bridges iron was tested from several structural members in 
addition to the beam hangers to quantify variability in the iron from a single bridge.   
 Wrought iron was sampled from square and round beam hangers of all six bridges 
to investigate variability of mechanical properties across bridges within a single member 
type, and iron was sampled from multiple members of a single bridge to provide insight 
into the variability of these properties across different member types from a single bridge.  
The mechanical properties of yield strength, ultimate strength, percent reduction in area, 
and Rockwell hardness (B scale) were examined through tensile and hardness testing.  In 
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addition to the results of mechanical testing the use of hardness testing was considered as 
a non-destructive testing technique by examining the correlation between hardness and 
strength.  Several 19
th
 century reports describe a size effect in wrought iron were 
members of lesser area tend to have greater tensile strength.  This effect, which will be 
described in detail, was investigated by examining the correlation of between strength 
and original member thickness.  
Methods of testing and specimen design are described in the following sections 
along with testing results.  A subsequent discussion examines these results and describes 
the analyses performed on them, specifically quantifying size effect in wrought iron and 
the correlation between hardness and strength. 
 
3.2 Iron Sampling and Coupon Design 
 
 
Wrought iron tensile coupons were machined from the six 19
th
 century bridges 
listed in Table 3.1.  Coupons were cut from beam hangers of all bridges, and from 
additional components of the Shattuckville and Chester bridges.  Specimens from the 
Shattuckville bridge were cut from three additional members: an eye-bar that was 
originally part of the bridge‟s bottom chord, a looped bar that acted as a tension diagonal, 
and several lacing members from a portal frame that acted as lateral bracing for the 
bridge‟s two trusses.  From the Chester Bridge additional coupons were cut from lacing 
that made up the bridge‟s guard rail.  Although not part of the primary load carrying 
system, the railing was built integrally into the bridge trusses, spanned the entire length of 
the bridge, and would have had to be able to resist impact loads from wayward traffic.  It 
was therefore assumed that the iron used is not compositionally different from the iron 
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used in the main load bearing members of the bridge.  Specimens were grouped 
according to bridge and original member; the first two letters in a group name refer to the 
bridge, while the second letter refers to the original members from which the specimens 
came (-H for beam hangers, -L for lacing, -E for eye-bar, -B for looped bar), groups are 
listed in Table 3.1.  Figure 3.1 shows the different members sampled and their relative 
locations on a typical truss bridge.  Note that the truss configuration shown is not 
representative of all bridges from which iron was tested.   
 
Table 3.1 Bridge, truss type, manufacturer, and source members for each specimen 
group. 
Specimen 
Group Bridge  (Year Built) Truss Type Manufacturer Member Type (thickness) 
BV-H Bondsville   (1880) Pratt Pony  Wrought Iron Bridge Co. Round beam hanger (1.5 in) 
RB-H Reeds Bridge  (1894)  Warren Pony  R.F. Hawkins Iron Works Round beam hanger (1.5 in) 
GH-H Golden Hill  (1885) Lenticular Pony  Berlin Iron Bridge Co. Square beam hanger (1.125 in) 
GA-H Galvin  (1884) Lenticular Through  Berlin Iron Bridge Co. Square beam hanger (1.125 in) 
CB-H Chester  (1887) Pratt Pony  R.F. Hawkins Iron Works Round beam hanger (1.75 in) 
CB-L Chester  (1887) " " Rectangular lacing (0.25 in) 
SV-H Shattuckville  (1895) Pratt Through  Groton Bridge Co. Round beam hanger (1.0 in) 
SV-L Shattuckville  (1895) " " Rectangular lacing (0.25 in) 
SV-E Shattuckville  (1895) " " Square eye-bar (0.875 in) 
SV-B Shattuckville  (1895) " " Square looped-bar (0.875) 
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Figure 3.1  Relative locations on a typical truss bridge of the different members sampled 
for testing. 
 
To account for the different cross-sectional geometries of the specimens‟ source 
material, four different tension coupon designs were adopted (see Figure 3.2 for 
drawings).  The standard coupon (Coupon-B Figure 3.2), used for material from beam 
hangers, was a cylindrical coupon with a total length of 5 inches, a reduced section length 
of 2 inches and a 0.5 inch diameter reduced cross section.  For the thinner lacing elements 
a plate specimen was used with a total length of 7 inches, having a 2 inch reduced section 
length with a thickness of 0.2 inches, (Coupon-A in Figure 3.2).  The cylindrical and 
plate coupons were both designed in accordance with ASTM E8 (2003). 
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Figure 3.2 Drawings of the four tensile coupons used: Coupon-A for lacing bars, 
Coupon-B for all beam hanger material; Coupon-C for looped-bars; Coupon-D for       
eye-bar material. 
 
Due to the larger cross-sectional area of the looped-bars and eye-bars, a larger 
specimen design was preferred in order to preserve as much of the cross-section as 
possible for testing.  A different design was used for each member; these coupons were 
designed by scaling up the dimensions of the plate coupon used for the lacing (Coupon-
A) and making several adjustments in order for the coupon to fit better in the testing 
machine.   
The looped-bar and eye-bar coupons were tested in a Tinius Olsen Universal 
Testing Machine with a 500 kip capacity.  Each end of a tensile specimen is held in this 
machine by two wedge blocks that tighten as the tensile force acting on the specimen 
increases.  The Tinius Olsen machine is an older model and the wedge blocks have a 
tendency to slightly rotate as they tighten onto the tensile specimen.  This was observed 
when prototype coupons made of steel with 3 inch long grips were tested.  During testing 
the wedge blocks rotated enough so that only the very ends of the coupon‟s grips were 
held and the test had to be stopped for fear of the coupon coming out before yield stress 
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was reached.  The end of the steel specimen held by the blocks was crushed, and is 
shown in Figure 3.3.  To account for the wedge block rotation, it was decided to machine 
coupon grips to 7 inches, roughly the length of the wedge blocks.  Although the longer 
grips used more material, it was a necessary precaution to ensure that the coupons would 
be soundly held in the wedge blocks for the duration of the test. 
 
 
Figure 3.3 Crushed grip of the steel coupon tested in the Tinius Olsen machine. Note that 
the dark like in the center of the specimen in the right photo was originally a circle. 
 
 
The oversized coupons were designed as plate-type specimens with a total length 
of 18 inches, a 5 inch reduced section length, and a 0.65 inch thickness.  The eye-bar had 
been part of the bottom chord of the Shattuckville Bridge and had experienced significant 
section loss in some locations.  It was therefore necessary to machine these coupons 
(Coupon-D in Figure 3.2) down to 0.65 inches for a uniform cross section.  A reduced 
cross section width of 0.8 inches was used for the looped-bar specimens (Coupon-C in 
Figure 3.2), so it would have the same ratio of grip width to reduced section width as the 
standard lacing bar coupon.  Specimens machined from the eye-bar had a 1.5 inch 
reduced section width; slightly larger with respect to grip width than the looped-bar 
coupon this was done to reduced the amount of machining required and preserve more 
material for testing. 
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3.3 Testing Methods 
 
 
 Prior to tension testing, hardness tests were performed on each tensile specimen in 
the Rockwell B scale, following ASTM E18 (2003).  A 1.6 mm indenter ball was used 
for hardness testing, with a minor load of 10 kgf and a major load of 100 kgf.  A total of 
eight hardness readings were taken per specimen.  First, three readings were taken in the 
reduced gage section of the specimen and two on each side in the grip area.  Next, the 
specimen was rotated 180 degrees and two more readings were taken in the reduced 
section of the opposite face, and one more was taken in the grip area.  The eight hardness 
readings for each specimen were averaged; the average hardness values with standard 
deviation for each specimen are listed in Table 3.2.  
 Tension testing of round specimens from beam hangers and plate specimens from 
lacing members was performed in an Instron 3360 Series testing machine.  All tests were 
displacement controlled, with two load rates used: first, a rate of 0.005 in/min was used 
until a stress of 20 ksi was reached; the rate was then increased to 0.05 in/min until 
failure.  Axial strains were measured using an Instron extensometer with a two inch gage 
length; the extensometer was removed during testing at a stress value of 20 ksi since it 
was used solely to measure elastic strains so the elastic modulus could be estimated.   
Testing of the oversized plate specimens from the eye-bar and looped bars, 
specimen groups SV-E and SV-B, was conducted using a Tinius Olsen 500 kip hydraulic 
testing machine.  Tests were displacement controlled, and a single load rate of 0.1 in/min 
was used throughout the duration of the test.  A faster displacement rate was used when 
testing in Tinius Olsen machine due to the behavior of the grips.  During the beginning of 
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the test the wedge blocks, which were hand tightened onto the specimen, tended to slip 
and if the displacement rate were too slow they would never tighten and no load would be 
placed on the specimen.  Strains were measured with a two inch gage length Tinius Olsen 
Model #LS-10%-2 extensometer, which was removed during testing once a stress value 
of 20 ksi was reached.  For all tension tests, the yield stress was determined using the 
0.2% offset method, while ultimate strength was taken as the greatest stress applied to the 
specimen before failure. 
Ductility for each specimen was measured by percent reduction in cross-sectional 
area and percent elongation.  Reduction in area was calculated by measuring the final 
cross sectional dimensions at the fracture of each coupon after testing.  Measurements 
were taken on each piece of the broken coupon and the average value was used to 
determine the final area.  Percent elongation was not measured for the first 13 tensile 
tests, which includes most specimens from group BV-H and group RB-H.  Values of 
percent elongation for the standard round coupons fashioned from beam hanger material 
were determined by measuring the length of the reduced section with calipers prior to 
testing, and measuring it again after testing by putting the two pieces back together.  For 
the looped-bar, eye-bar, and the lacing bar coupons, two indentations were made outside 
of the reduced section length and the distance between them was measured prior to 
testing, then again after testing.   
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3.4  Results 
 
 
Test results for each specimen are summarized in Table 3.2, which lists measured 
values of hardness, percent reduction in area, and tensile strength for each specimen.  
Stress-strain plots for each specimen were similar to those of mild structural steel.  First, 
there was an elastic region ending at an abrupt yield point, followed by plastic 
deformation with little increase in stress, then strain hardening, and finally necking and 
failure.  The stress-strain curves of specimens SV-H8, SV-L-1, and GH-H-3 are shown in 
Figure 3.4.  Five specimens did not exhibit a distinct lower yield point; most of those 
specimens were from groups CB-L and SV-L. Tensile specimens exhibited a fibrous 
fracture accompanied by some necking; Figure 3.5 contains four photographs of 
specimens after testing, each from a different type of tensile coupon and Figure 3.6 
contains a closer image of the fracture surface for specimen SV-E-4.   
 
 
 
Figure 3.4 Stress verse strain curves of specimens SV-H-8, SV-L-1, and GH-H-3. 
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Figure 3.5 Photos of specimens after testing. Specimens are SV-H-7 (A), SV-L-4 (B), 
SV-E-4 (C), SV-B-5 (D). 
 
 
 
 
Figure 3.6 Close up of the fracture surface for specimen SV-E-4 
B A 
D C 
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Overall it was found that the values of ultimate strength reported in Table 3.2 
were within the same range as values reported from other modern testing of wrought iron 
listed in Table 2.1, but were the somewhat lower than strength values reported in 
historical sources of wrought iron testing.  The average value of ultimate strength for all 
tension tests on UMass bridge iron was found to be 48.7 ksi with values ranging from 
39.6 to 57.9 ksi and a standard deviation of 3.4 ksi giving a coefficient of variation of 
7%.  American wrought iron bars tested by Beardslee (1879) had an average strength of 
52.9 ksi with values ranging from 46 to 62 ksi.  Tests conducted by Kirkaldy (1862) on 
British wrought iron bars, plates, and angle irons had an average ultimate strength of 54.4 
ksi and ranged from 37 to 68 ksi.  Finally, Johnson’s Materials of Construction (Johnson 
1939) reports a range of 47.5 to 52 ksi for the ultimate strength of wrought iron.  
The ratio of yield strength to ultimate strength for each coupon is listed in Table 
3.2.  The value of this ratio was not found to be consistent and varied from specimen to 
specimen; values ranged from 0.56 to 0.87 with an average of 0.68 and a coefficient of 
variation of 11%. 
Values of Rockwell hardness were found to be variable, and ranged from 46 to 82 
HRB with a coefficient of variation of 14%.  Despite this, a similar range of hardness 
values was reported by Elban et al. (1998), where values of hardness measured on a 
wrought iron I-beam from the Wheeling Custom House ranged from 51 to 81.    
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Table 3.2 Testing results for each specimen. 
Specimen 
Member 
Thickness 
(in) 
% Red. in 
Area 
% 
Elongation 
Avg. 
Hardness 
(HRB) 
Hardness 
Std. 
Hardness 
COV 
Yield 
Stress 
(ksi) 
Ultimate 
Stress 
(ksi) 
Fy/Fu 
BV-H-1 1.5 48 - 52 1 2.7 22.4 39.6 0.57 
BV-H-2 1.5 36 - 55 4 7.6 26.7 45.7 0.58 
BV-H-3 1.5 39 - 55 4 7.7 28.9 48.1 0.60 
BV-H-4 1.5 46 - 58 9 16.2 29.8 48.5 0.61 
BV-H-5 1.5 42 - 58 7 12.6 33.3 48.0 0.69 
BV-H-6 1.5 42 - 54 5 8.7 27.3 46.2 0.59 
BV-H-7 1.5 36 - 52 8 15.1 27.2 45.8 0.59 
BV-H-8 1.5 42 - 59 9 14.7 30.8 47.7 0.65 
RB-H-1 1.5 22 - 49 3 6.8 29.0 45.8 0.63 
RB-H-2 1.5 23 - 53 8 15.1 30.1 46.4 0.65 
RB-H-3 1.5 43 - 55 7 12.6 30.2 46.1 0.66 
RB-H-4 1.5 41 - 48 6 12.4 27.1 44.2 0.61 
RB-H-5 1.5 43 - 54 3 4.9 28.5 45.5 0.63 
RB-H-6 1.5 34 21 59 5 9.0 31.6 49.4 0.64 
RB-H-7 1.5 43 25 62 6 9.0 32.4 48.6 0.67 
GH-H-1 1.125 50 15 56 5 9.6 35.1 49.4 0.71 
GH-H-2 1.125 53 20 56 4 6.7 35.5 50.1 0.71 
GH-H-3 1.125 47 18 57 6 11.4 33.0 49.2 0.67 
GH-H-4 1.125 47 18 61 3 4.5 34.6 50.0 0.69 
GA-H-1 1.125 50 18 55 6 11.4 35.9 51.4 0.70 
GA-H-2 1.125 53 18 55 13 24.5 32.5 50.4 0.65 
GA-H-3 1.125 47 18 59 5 8.5 36.7 51.6 0.71 
GA-H-4 1.125 47 18 60 4 6.2 31.7 50.9 0.62 
CB-H-1 1.75 33 17 62 3 5.1 27.4 47.6 0.58 
CB-H-2 1.75 41 17 61 9 15.3 26.9 47.8 0.56 
CB-H-3 1.75 40 15 59 6 10.6 27.4 48.0 0.57 
CB-H-4 1.75 40 17 63 5 8.1 27.4 47.7 0.57 
CB-L-1 0.25 3 7 72 4 5.5 42.8 52.3 0.82 
CB-L-2 0.25 12 8 78 3 4.3 45.2 55.5 0.81 
CB-L-3 0.25 9 7 82 2 2.9 46.5 56.5 0.82 
CB-L-4 0.25 8 6 76 2 3.1 43.1 51.6 0.84 
CB-L-5 0.25 6 9 79 4 5.3 46.0 52.9 0.87 
SV-H-1 1 46 16 59 9 15.9 33.9 46.9 0.72 
SV-H-2 1 46 10 56 12 21.2 35.8 48.4 0.74 
SV-H-3 1 43 13 46 2 5.0 29.5 43.5 0.68 
SV-H-4 1 47 16 47 6 13.2 30.6 44.8 0.68 
SV-H-5 1 49 18 51 3 6.1 31.7 46.7 0.68 
SV-H-6 1 53 - 53 10 18.6 32.1 46.8 0.69 
SV-H-7 1 48 14 46 6 12.9 30.5 45.4 0.67 
SV-H-8 1 50 19 49 5 9.7 31.6 45.9 0.69 
SV-L-1 0.25 26 9 69 3 3.7 43.3 55.3 0.78 
SV-L-2 0.25 25 15 67 2 3.4 44.3 57.9 0.76 
SV-L-3 0.25 32 17 72 4 5.8 42.6 55.1 0.77 
SV-L-4 0.25 17 13 67 1 1.4 38.9 52.1 0.75 
SV-E-1 0.875 46 21 59 5 8.2 33.7 48.4 0.70 
SV-E-2 0.875 42 21 58 6 9.7 34.1 49.3 0.69 
SV-E-3 0.875 44 20 56 7 12.5 35.3 48.9 0.72 
SV-E-4 0.875 46 21 52 6 11.6 31.1 47.2 0.66 
SV-B-1 0.875 41 21 58 4 7.4 34.3 49.2 0.70 
SV-B-2 0.875 40 21 57 5 8.9 35.3 49.4 0.71 
SV-B-3 0.875 37 20 55 6 10.8 31.9 47.6 0.67 
SV-B-4 0.875 41 20 53 2 3.3 32.9 47.8 0.69 
SV-B-5 0.875 43 12 55 6 11.0 32.8 46.8 0.70 
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3.5 Discussion 
 
 Wrought iron is known to have variable properties and engineers must often 
estimate iron strength conservatively when evaluating old bridges due to lack of 
information on the material properties of this metal.  Hardness and tensile tests were 
conducted on wrought iron coupons from six 19
th
 century truss bridges.  From the results 
of testing the capacity of hardness to be used as an indicator of strength and ductility was 
examined, as well as the variation of yield and ultimate strength.  The variation in 
wrought iron strength was examined across a single member type from multiple bridges 
and across different member types from a single bridge.  Finally, the size effect in 
wrought iron, where strength is related to member thickness, was investigated.  The 
following discussion describes numerical analyses used to evaluate the test results and 
presents the results of those analyses. 
 
3.5.1 Hardness 
 
Hardness testing is an easy to execute non-destructive test that can be performed 
in the field using portable hardness testers.  In some homogeneous metals, such as steel, 
there is a reasonable correlation between hardness and strength (Gordon & Knopf 2005).  
The ability to use hardness as an indicator of mechanical properties, such as strength or 
ductility, in wrought iron would be useful in the field assessment of historic wrought iron 
bridges. 
Eight hardness readings were taken per specimen, and hardness readings 
displayed a significant amount of variation for many specimens; values of standard 
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deviation, coefficient of variation, and average hardness for each specimen are listed in 
Table 3.2.  This variability can be partially attributed to the large length scale associated 
with heterogeneity in the iron compared to the amount of iron deformed by the indenter 
ball during hardness testing (Gordon & Knopf 2005).  Figure 3.7 contains individual 
values of hardness, in the Rockwell B scale, for each specimen group plotted with error 
bars for a 95% level of confidence; specimen groups are arranged in order of decreasing 
original member thickness.   
 
 
Figure 3.7 Individual values of hardness for each specimen group plotted with error bars.  
  
While values of hardness generally fell between 45 and 65 Rockwell hardness B, 
in Figure 3.7 it can be seen that hardness readings from groups CB-L and SV-L were 
higher than all other groups.  A Kolmogorov-Smirnov test (K-S test) was used to 
examine the distributions of hardness among the different specimen groups.  Using a 
confidence level of 95 percent, the K-S test found that the distribution of hardness values 
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for the groups CB-L and SV-L were statistically different than those of all other groups.  
The K-S test also showed that hardness values from other specimen groups were not 
statistically different from each other, with the exception of group SV-H.  The K-S test 
was selected to compare hardness and strength values since it tests difference in 
distribution, rather than simply difference in either mean or variance.  The K-S test is 
therefore able to detect any statistically significant difference between the distributions of 
strength and hardness in different bridge components. 
Gordon and Knopf (2005) and Sparks (2004) state that there is often a good 
correlation between hardness and strength in homogenous metals.  Pavlina and Van Tyne 
(2008) also show, through mechanical testing, that there is a strong linear correlation 
between hardness and yield strength, and hardness and ultimate strength in nonaustenitic 
steels.  Despite this correlation in steel, Gordon and Knopf (2005) state that these 
relationships do not necessarily hold true in wrought iron due to the scale of the 
heterogeneity in the material.  Values of yield strength and ultimate strength for all 
specimens are plotted against hardness in Figure 3.8.   
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Figure 3.8 Values of yield and ultimate strength for each specimen plotted against 
hardness with trend lines. 
 
Table 3.3 Results of the regression analysis depicted in Figure 3.8, where the trend line 
equation is [Fu or Fy] = m*hardness +b. 
  m b r
2
 ρ 
Fy all 0.54 2.03 0.62 0.79 
Fy no SV-L/CB-L 0.16 22.27 0.05 0.22 
Fu all 0.34 29.05 0.66 0.81 
Fu no SV-L/CB-L 0.32 29.63 0.39 0.62 
 
 
A linear relationship between hardness and yield strength can be observed in 
Figure 3.8.  Although the scatter appears large, the correlation coefficient for these data, 
provided in Table 3.3, indicates a reasonably strong correlation between these two 
properties.  It can be observed that the specimens with the greatest yield strength and 
hardness values were all from the groups SV-L and CB-L, and removing these groups 
from the data sample would greatly reduce the strength of the correlation between yield 
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strength and hardness.  Removing any other specimen group from the data set did not 
have as large an effect on the overall relationship between hardness and yield strength as 
removing groups SV-L and CB-L did.  It should be reminded that the specimens from 
these two groups came from non-structural lacing members.   
Next, the relationship between hardness and ultimate strength was investigated, as 
the data displayed in Figure 3.8 show a correlation between these two properties as well.  
The results from this regression analysis are also listed in Table 3.3.  The effect of 
specimen groups SV-L and CB-L on this relationship was investigated, as these groups 
again had the highest values of strength and hardness.  As can be seen from the values in 
Table 3.3, without specimen groups SV-L and CB-L the correlation coefficient, 
regression line slope, and r-squared value decrease, albeit not as substantially as with 
yield stress.  A smaller change in trend line slope and correlation coefficient for the 
reduced data indicates that the relationship between hardness and ultimate strength is 
somewhat stronger and more robust, in terms of data included, than the relationship 
between hardness and yield strength.   
Figure 3.9 shows a weak inverse relationship between hardness and percent 
reduction in area.  The correlation coefficient for these two properties was found to be -
0.75, which suggests there is some correlation between ductility and hardness.  A trend 
line fitted to these data, plotted in Figure 3.9, was found to have a slope of -1.14 and an r-
squared value of 0.56.  Similar to the trend observed with strength and hardness, 
specimen groups SV-L and CB-L had the highest values of hardness and lowest values of 
ductility among all specimens.  These two groups were removed from the set and the 
correlation coefficient was recalculated to be -0.03, which indicates there is little 
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correlation between these two properties.  A trend line plotted to the remaining data was 
found to have a slope of -0.05 and an r-squared value of 0.001.  Despite this lack of 
correlation, high values of hardness, greater than 65, were found to correspond with 
values of reduction in area less than 30%. 
 
 
Figure 3.9 Values of percent reduction in area plotted against hardness for each specimen 
with trend lines. 
  
The available values of percent elongation were plotted against hardness in Figure 
3.10.  The correlation for this data was not particularly strong, with a correlation 
coefficient of -0.58.  A trend line fitted to all data was found to have a slope of -0.31 and 
an r-squared value of 0.34.  Again the groups SV-L and CB-L were removed from the 
data set, and a new correlation coefficient was determined to be 0.30, a trend line fitted to 
this data had a slope of 0.21 and an r-squared value of 0.09.  Although only a weak 
relationship was observed between hardness and percent elongation, the highest values of 
hardness were again found to coincide with lowest values of percent elongation.  
0 10 20 30 40 50 60 70 80 90
0
10
20
30
40
50
60
Hardness (Rockwell B Scale)
P
e
rc
e
n
t 
R
e
d
u
c
ti
o
n
 i
n
 A
re
a
 
 
SV-L & CB-L
All Other Groups
34 
 
 
Figure 3.10 Values of percent elongation plotted against hardness with trend lines. 
 
Hardness values for the tensile specimens were found to generally fall within the 
range of 45 to 65 Rockwell hardness B; groups SV-L and CB-L were an exception and 
recorded hardness values up to 82 Rockwell hardness B.  The correlation between values 
of hardness and strength was found to be weak making hardness an insufficient indicator 
of strength in wrought iron.  It was also found that there was little correlation between 
hardness and ductility, however very high hardness values were again found to indicate 
material with low ductility. 
Overall, it was found that there was some correlation between hardness and 
strength.  This correlation was found to be weak and depended greatly on the data 
included in the regression analysis, if specimens from the lacing groups were omitted 
from the regression values correlation coefficient and r-squared value decreased 
significantly.  From these findings it is not advisable to use hardness as a predictor of  
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strength in wrought iron.  The relationship between hardness and ductility was also found 
to be weak; however wrought iron samples with very high values of hardness did have 
lower values of ductility. 
 
3.5.2 Tension 
 
 Individual values of yield and ultimate strength for each specimen group are 
plotted in Figure 3.11, where specimen groups are arranged in order of original member 
thickness, increasing from left to right.  As previously noted, wrought iron is known for 
its variability in strength, which is illustrated in Figure 3.11.  Overall values of ultimate 
strength ranged from 39.6 to 57.9 ksi with a coefficient of variation of 6.9%.  Values of 
yield strength ranged from 22.4 to 46.5 ksi with a COV of 16.5%.  For comparison, 
Bartlett et al. (2003) reported a COV of 5.6% for yield strength and 5.1% for ultimate 
strength, from testing A992 steel coupons sampled from wide flange shapes. 
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Figure 3.11 Individual values of ultimate strength and yield strength for each specimen 
group, groups are arranged in order of original member thickness. 
 
Wrought iron beam hangers were tested from six bridges, and results are 
displayed in Figure 3.11 as the specimen groups ending with the letter H.  The COV for 
yield strength for beam hangers was found to be 10.5%, while the COV for ultimate 
strength was 5%.  A Kolmogorov-Smirnov (K-S) test was performed, using a 95 percent 
level of confidence, to compare the distributions of strength for each group of beam 
hangers.  The results from the K-S test are displayed in Table 3.4 and Table 3.5.  From 
these tables it can be seen that the different specimen groups have varying strength 
distributions, and while some groups have comparable distributions for yield strength, 
they may not for ultimate strength.  Furthermore, the difference in distribution found for 
the beam hangers (groups ending with -H) shows that wrought iron strength varies from 
bridge to bridge.   
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Table 3.4 Results from the K-S test on yield strength data. A 0 signifies that the data 
from the two specimen groups have the same distribution, while x signifies that the two 
groups have different distributions with a 95% level of confidence. 
Yield Strength 
Group CB-L SV-L SV-B SV-E SV-H GA-H GH-H RB-H BV-H CB-H 
CB-L 0 0 x x x x x x x x 
SV-L 0 0 x x x x x x x x 
SV-B x x 0 0 0 0 0 x x x 
SV-E x x 0 0 0 0 0 0 x x 
SV-H x x 0 0 0 0 x 0 x x 
GA-H x x 0 0 0 0 0 x x x 
GH-H x x 0 0 x 0 0 x x x 
RB-H x x x 0 0 x x 0 0 x 
BV-H x x x x x x x 0 0 0 
CB-H x x x x x x x x 0 0 
 
 
 
Table 3.5 Results from the K-S test on ultimate strength data. 
Ultimate Strength 
Group CB-L SV-L SV-B SV-E SV-H GA-H GH-H RB-H BV-H CB-H 
CB-L 0 0 x x x 0 x x x x 
SV-L 0 0 x x x x x x x x 
SV-B x x 0 0 x x 0 0 0 0 
SV-E x x 0 0 x x 0 0 0 0 
SV-H x x x x 0 x x 0 0 x 
GA-H 0 x x x x 0 x x x x 
GH-H x x 0 0 x x 0 x x x 
RB-H x x 0 0 0 x x 0 0 0 
BV-H x x 0 0 0 x x 0 0 0 
CB-H x x 0 0 x x x 0 0 0 
 
 
The iron specimens taken from different elements of the Shattuckville bridge 
were also found to have a considerable amount of variation in strength, albeit somewhat 
less than for the beam hangers from all bridges.  For all specimens from the Shattuckville 
bridge a COV of 12.5% was measured for yield strength and 7.25% for ultimate strength.  
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Specimens tested from the lacing members (group SV-L) were found to have a 
statistically significant higher yield and ultimate stress than specimens from other 
elements, as confirmed by the K-S test.  Not including strength data from group SV-L, 
the COV of yield strength for the Shattuckville iron would be reduced to 5.4% and 
ultimate strength to 3.4%.   
 Overall, it was found that wrought iron displays more variability in strength than 
A992 steels, as reported by Bartlett et Al. (2003), and greater amount of variation was 
observed in values yield strength than in ultimate strength.  Finally, excluding the non-
structural lacing members, it was found that there was less variation in strength from 
wrought iron on a single bridge than wrought iron sampled across many bridges. 
 
3.5.3 Size Effect 
 
Several sources have observed a size effect in wrought iron strength where 
samples from sections of lesser thickness have been found to have greater tensile strength 
than those from sections of greater thickness.  This effect was observed by Beardslee 
(1879) in the testing of American wrought iron bars of different sizes, as well as Kirkaldy 
(1862) in testing British iron.  Johnson’s Materials of Construction also makes mention 
of a size effect.  Johnson (1939) suggests that the increase in strength is due to the greater 
amount of hot work required to make smaller sections, which results in an increase in 
density and cohesion between the ferrite grains.  Johnson (1939) also mentions that 
rolling/section thickness has a more pronounced effect on yield strength than on ultimate 
strength.  No sources were found to mention a similar size effect in steel, it should also be 
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noted that there is no correction for strength in the AISC manual to account for thickness 
in steel sections.  
Values of yield and ultimate strength for each specimen are plotted against 
original member thickness in Figure 3.12, which shows as section thickness increases 
strength decreases.  The correlation coefficient for ultimate strength and thickness is -
0.69; a trend line fitted to this data was found to have a slope of -5.08 ksi/in and an r-
squared value of 0.47.  In Figure 3.12 the relationship between strength and thickness 
appears more pronounced in yield strength than in ultimate strength.  This was verified 
numerically, a correlation coefficient of -0.89 for yield stress and thickness and a trend 
line fitted to these data had a slope of -10.76 ksi/in and an r-squared value of 0.79.  Not 
only does the higher r-squared value indicate that thickness is a more reliable predictor of 
yield strength than of ultimate strength, but the difference in slope between the best fit 
lines to the yield and ultimate stress data indicate that the ratio of ultimate strength to 
yield strength changes with specimen thickness. The reserve strength beyond yield is 
greater for larger specimens though the strength is lower.  The correlation coefficients 
between specimen size, yield, and ultimate stress are high, yet there remains substantial 
scatter in the yield and ultimate stresses at a given specimen size.  Much of this 
uncertainty may be attributable to the specimens originating from different bridges; if all 
specimens were taken from the same bridge the scatter would likely be smaller.  Finally, 
it should be noted that this regression analysis is only valid within the bounds of testing, 
and should not be used to predict strength of iron bars larger than 1.75 inches or smaller 
than 0.25 inches in thickness. 
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Figure 3.12 Values of yield and ultimate strength for all specimens, plotted against 
thickness of the original member. 
 
Results from the K-S test on yield strength are displayed in Table 3.4, where 
specimen groups are arranged by size and are listed in order of increasing thickness.  
Table 3.4 shows that there is little statistical difference in strength between groups of the 
same thickness, as the boxes of zeros clustered around the middle diagonal indicate that 
the likelihood of strengths being different is greater when the size difference is greater.  
The specimen groups with the thinnest original cross section, CB-L and SV-L, both had 
an original thickness of 0.25 inches and had the greatest average yield strength.  From 
Table 3.4 it can be seen that both of these groups had statistically different distributions 
of strength than the other specimen groups tested. The thickest elements tested were from 
group CB-H with an original thickness of 1.75 inches; this group of specimens had the 
lowest average of yield strength, and had statistically different strength distributions than 
the other groups with the exception of group BV-H.  Groups SV-B, SV-E, GA-H, and 
GH-H did not exhibit a statistically significant difference in distribution of strength.  The 
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source material for these groups consisted of square and rectangular bars ranging in 
thickness from 0.875 inches for groups SV-B and SV-E to 1.125 inches for groups GA-H 
and GH-H.   
 Overall, a size effect was observed in the tensile testing results, in which members 
having greater cross sectional thickness tended to have less strength.  Through regression 
analysis, it was found that the size effect was stronger for yield strength than for ultimate 
strength.  Finally, the slopes of the yield and ultimate strength data were found to be 
different, with the ratio of yield to ultimate strength decreasing as member thickness 
decreased.  
 
 
3.6 Microscopy 
 
 Microscopy can be of use in examining the microstructure of metals to provide 
insight into mechanical properties.  Sparks (2008) suggests examining the microstructure 
of wrought iron as a possible way to screen for inadequacies in the material, such as high 
contents of phosphorus, silicon, carbon, or poorly distributed slag inclusions.  Although 
several researchers, such as Gordon (1988, 2005) have examined how the different 
constituents of wrought iron affect strength and ductility, none have attempted to 
correlate slag content to wrought iron strength.  Since slag is a very brittle material with 
little tensile capacity, it was hypothesized that the ferrite matrix of wrought iron carries 
all load and that an increase in slag content would result in decreased strength.  A study 
was conducted to examine the effects of slag content on wrought iron strength properties 
by examining micrographs from five wrought iron tensile coupons.  Digital images of the 
wrought iron microstructure were analyzed using MATLAB, and percent slag content 
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was estimated for each specimen.  The correlation between slag content and strength will 
be examined in the following discussion, which includes a detailed description of the 
experimental procedure along with numerical results. 
 
3.6.1 Procedure 
 
Estimating the slag content of a tensile specimen involved three steps: preparing 
the specimen, capturing images, and analyzing the images through an image 
segmentation routine coded in MATLAB.  Specimen preparation involved cutting a 
sample from the test coupon followed by polishing its surface for microscopy.  
Cylindrical samples were cut from the tensile coupons close to the fracture surface to 
examine the cross sectional slag distribution near the specimen‟s failure location.  Each 
sample was cut approximately 0.75 inches long to provide sufficient material to grip 
during polishing.  Polishing was done in two stages, first with grit papers then with 
diamond paste.  The first stage of polishing was performed on a Geo Science hand 
polishing table with Buehler grit papers.  Polishing began with the coarsest grit (150 grit) 
and moved to successively finer grits until the finest (800 grit) was reached.  The second 
stage of polishing, done after the finest grit paper was used, was performed with Buehler 
diamond pastes on a Buehler Ltd. Ecoment polisher.  As with the grit papers, 
successively finer pastes of 6, 3, and 1 micron grit were used.  The diamond paste 
removed any fine scratches or smudges from the polished surface, and the end result was 
a mirror like finish where slag particles contrasted well with the ferrite matrix of the 
wrought iron.  Between each stage of polishing the polished surface was examined under 
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a microscope to check the quality before moving to a finer grit/diamond paste.  Several 
attempts were often required for each stage before a satisfactory surface was achieved. 
 Once polished, samples were viewed in an Olympus BX-51 optical microscope 
with an attached digital camera.  Five micrographs were taken per sample, all using a 
magnification of 50x.  The quality of micrographs depended on polishing quality and 
lighting; good lighting was especially important due to the threshold method used to 
analyze the images.  Figure 3.13 contains a cross-sectional micrograph at 50x 
magnification; slag inclusions appear as dark blotches surrounded by the gray ferrite. 
 
 
Figure 3.13 Cross sectional micrograph (50x magnification) of wrought iron from Reeds 
Bridge. Note this images was not taken from a tensile coupon specimen. 
 
A MATLAB routine was developed to analyze each micrograph and collect 
information on the slag distribution, such as number of slag particles, particle size, 
particle length, and orientation (with respect to micrograph).  The routine operates by 
first converting the image to grayscale, and saving it as an array equal in size to the 
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number of pixels in the image, where each pixel is valued from zero (black) to 255 
(white).  In order for the MATLAB routine to locate the slag particles in the image, it 
must be converted to black and white.  This is done by using a global threshold; the user 
must set a value for what the routine is to consider as black, the routine then sets any 
pixel valued lower than this number to 0 (black) and all others to 250 (white).  This 
theoretically sets all slag particles to black and the ferrite matrix to white.  Once the 
image is converted to black and white, several built in MATLAB functions are used to 
locate the black regions (the slag particles) and determine the properties mentioned 
above.  Some trial and error is required in determining the optimum threshold value, but 
each value can be checked visually, as an output from the routine is a figure with all areas 
considered slag highlighted in red.  Three such figures demonstrating different threshold 
values for the micrograph in Figure 3.13 can be seen below in Figure 3.14.  Threshold 
values could vary greatly between different images depending on the lighting, thus each 
micrograph typically had its own optimum threshold value.  This essentially made image 
analysis a manual procedure not suited for automation, since the threshold for each image 
needed to be checked.   
 
 
Figure 3.14 Comparison of three threshold values for a single micrograph. Threshold 
values from  left to right: 50, 90, and 120. 
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3.6.2 Results and Discussion 
 
To examine the correlation between slag content and strength, five tensile 
specimens were selected that exhibited a large range of tensile strengths.  The five tensile 
coupons were examined using the method described above, and included specimens BV-
H-1, BV-H-3, BV-H-7.  Two coupons from a third bridge, the Ball Pipe Bridge, were 
examined as well.  The specimens from the Ball Pipe Bridge were the first tested in the 
Instron testing machine, and unfortunately the tensile testing method was not fully 
developed and raw stress-strain data for these specimens was lost.  Since there was no 
raw data for these specimens, they were not included with the other tension results; 
however yield and ultimate strength values were available for these coupons.  The 
specimens from the Ball Pipe Bridge recorded both the lowest and highest values of 
ultimate strength, and where thus selected for use in the study.  Note that when the 
microscopy study was conducted only tensile specimens from groups BV-H and RB-H 
had been tested, therefore limiting the samples to choose from.  Results from the 
microscope analysis for each specimen are listed in Table 3.6. 
 
Table 3.6 Values of yield, ultimate strength, and percent slag for the five coupons 
examined through microscopy. 
Specimen Yield Stress (ksi) Ult. Stress (ksi) % Slag 
BP-1 47.5 53.67 0.49 
BP-2 20.0 38.90 7.56 
BV-H-1 22.4 39.58 7.30 
BV-H-3 28.9 48.05 8.89 
BV-H-7 27.2 45.77 13.50 
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Values of ultimate strength are plotted against slag content in Figure 3.15.  It was 
hypothesized that a higher percentage of slag would mean a lower tensile strength; 
regression lines were fitted to the data to examine this.  The relationships between 
ultimate strength and slag content, and yield strength and slag content were found to be 
weak.  For ultimate strength a correlation coefficient of -0.44 was found; a trend line 
fitted to this data had a slope of -0.5 ksi/percent and an r-squared value of 0.19, indicating 
a weak fit.   For yield strength a correlation coefficient of -0.69 was found, and a trend 
line fitted to the data was found to have a slope of -1.6 ksi/percent and an r-squared value 
of 0.47.   
 
 
Figure 3.15 Values strength plotted against measured slag content, with trend lines 
plotted. 
 
The data did show a decrease in strength with an increase in slag content as 
hypothesized, although the correlation was not found to be strong.  Only five tensile 
specimens were examined through microscopy and it is somewhat difficult to draw any 
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definitive conclusions with the limited available data.  Microscopy is a time consuming 
process, polishing a sample adequately for good quality micrographs takes multiple 
attempts and a certain amount of skill. Furthermore, other factors such as chemical 
composition also play a role in wrought iron‟s mechanical properties, thus slag content 
alone may not be a good indicator of material strength.  If an automated polishing 
machine had been available, where multiple samples could be prepared at once and a 
better method devised for analyzing the micrographs, then it would have been beneficial 
to examine the slag contents of more specimens.  However, there no such device was 
available, and microscopy was not pursued further than the five specimens.  
 
3.7 21st Century Wrought Iron 
 
 In addition to testing wrought iron acquired from six 19
th
 century truss bridges, a 
sample of 21
st
 century wrought iron was tested as well.  Although wrought iron has not 
been produced on an industrial scale for nearly a century, there are a handful of 
companies that produce it in small quantities for architectural applications; one of these 
producers is Chris Topp & Company.  Located in the United Kingdom, Chris Topp & 
Company produce wrought iron using 19
th
 century methods, and have the facilities to roll 
round bars, square bars, and plates (Christ Topp and Company Wrought Ironworks).  A 
three foot length of 1 inch diameter bar was purchased from this company and four 
tensile coupons were cut from the bar for tensile and hardness testing.  An additional 
piece was cut from the bar and examined through microscopy for comparison to 19
th
 
century wrought iron.   Numerical results from testing and micrographs will follow. 
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3.7.1 Mechanical Testing 
 
 Four tensile coupons were machined from the wrought iron bar purchased from 
Chris Topp & Company.  The standard cylindrical coupon (Coupon-A of Figure 3.2) was 
used for all specimens.  During the initial cutting and machining stages, the wrought iron 
appeared to have less slag than the 19
th
 century bridge iron.  However, further cutting 
revealed large slag inclusions in the reduced sections of some specimens.  One such slag 
inclusion, found in specimen BB-4 and pictured in Figure 3.16, was at least 4 inches long 
and a quarter inch in width. 
 
 
Figure 3.16 Specimen BB-4 with a large slag inclusion in the reduced section. 
 
Hardness testing was performed on each coupon prior to tension testing using the 
same method described in section 3.3.  Tensile testing was performed in an Instron 3360 
Series testing machine.  All tests were displacement controlled, with two load rates used: 
first, a rate of 0.005 in/min was used until a stress of 20 ksi was reached; the rate was 
then increased to 0.05 in/min until failure.  Axial strains were measured using an Instron 
extensometer with a two inch gage length; the extensometer was removed during testing 
once a strain of 10% was reached.  Yield stress was determined using the 0.2% offset 
method and ultimate strength was taken as the maximum stress applied to the specimen 
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before failure.  Reduction in area was calculated by measuring the final cross sectional 
dimensions at the fracture of each coupon after testing.  Measurements were taken on 
each piece of the broken coupon and an average value was used to determine the final 
area.  Values of percent elongation were determined by measuring the length of the 
reduced section with calipers prior to testing, and measuring it again after testing by 
putting the two pieces back together.   
Values of yield and ultimate strength, hardness, percent reduction in area, and 
percent elongation for the Christ Topp wrought iron specimens are listed in Table 3.7.  
Stress-strain plots for each specimen were similar to those found from testing of the 19
th
 
century wrought iron; the stress versus strain curve of specimen BB-1, representative of 
all specimens, is shown in Figure 3.17.   
 
 
 
Figure 3.17 Stress vs. strain curve of specimen BB-1. 
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Values of yield and ultimate strength from the Chris Topp iron were found to fall 
into the range observed from testing the 19
th
 century wrought iron.  Unlike the 19
th
 
century iron, the modern wrought iron showed very little variation in strength properties.  
The four specimens tested had an average yield strength of 32.4 ksi with a COV of 2%, 
while the average ultimate strength was 50 ksi, with a COV of 0.9%.  For reference, the 
average yield strength of specimens from the Shattuckville Bridge beam hangers (group 
SV-H) was 31.9 ksi with a COV of 5.9% and the average ultimate strength was 46 ksi 
with a COV of 3.1%.  There was also little variation in values of percent reduction in area 
and percent elongation; a COV of 5.8% was reported for values of percent reduction in 
area and a COV of 5.3% for percent elongation.  Finally, it should be noted that specimen 
BB-4 did not record a significantly lower value of strength than the others, despite the 
large slag inclusion in its reduced section.  
 
 
Table 3.7  Results from testing the wrought iron produced by Chris Topp & Company. 
Specimen 
Member 
Thickness 
(in) 
% 
Reduction 
in Area 
% 
Elongation 
Avg. 
Hardness 
Hardness 
Std. 
Yield 
Stress (ksi) 
Ultimate 
Stress (ksi) 
BB-1 1.0 47.4 22.0 51 8.5 33.0 50.2 
BB-2 1.0 44.0 21.1 55 4.1 32.1 50.2 
BB-3 1.0 41.2 20.6 48 5.7 33.1 50.4 
BB-4 1.0 41.2 19.0 55 3.9 31.5 49.2 
 
 
 
3.7.2 Microscopy 
 
 A 0.5 inch long cylindrical sample was cut from Chris Topp wrought iron bar and 
polished using the same procedure described in section 3.6.1.  As mentioned earlier, 
visually this wrought iron appeared to have less slag aside from the large slag inclusion 
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found in specimen BB-4.  When examined under the microscope, slag inclusions 
appeared small and evenly distributed throughout the cross section, unlike some of the 
19
th
 century specimens.  Figure 3.18 contains a micrograph from the sample of the Chris 
Topp iron taken at 50x magnification.  Six micrographs were taken at 50x magnification, 
and analyzed using the techniques described in section 3.6.1; the slag percentage for the 
sample was determined to be 1.83%.   
 
 
Figure 3.18 Cross sectional micrograph taken from a sample of the British bar at 50x 
magnification. 
 
 
3.7.3 Conclusions 
 
 Tensile and hardness tests were conducted on a 21
st
 century wrought iron bar 
produced by Chris Topp & Company.  Specimens from this bar exhibited values of 
ultimate strength, hardness, and ductility within the same range observed in wrought iron 
tested from 19
th
 century bridges.  Despite this, considerably less variation was found in 
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these properties than what was observed in the 19
th
 century wrought iron.  Microscope 
analysis performed on a sample of the Chris Topp wrought iron found slag to be well 
distributed, with a lower slag content than that found in most of the 19
th
 century wrought 
iron specimens.  
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CHAPTER 4 
 
 
4 2008 LOAD TESTING 
 
4.1 Objectives 
 
 
The Adaptive Use Bridge Project has a collection of ten historic truss bridges that 
will be restored and rebuilt around the UMass campus. One of these bridges, the Stadium 
Bridge (also referred to as the Southern Vermont Bridge) has been reconstructed on 
pedestrian trail on the UMass Amherst campus near the football stadium, see location in 
Figure 4.1.  This bridge, a Warren pony truss, was instrumented with dial gages and 
strain gages to measure its response under load and compare it the response predicted in 
computer models.  Initial load tests were conducted in the summer of 2008, when truss 
deflections were measured for a pickup truck and a bucket loader positioned separately 
on the bridge.  A second round of load tests were conducted in the summer of 2009, 
where both member strains and truss deflections were measured on the bridge, which was 
loaded by a Jeep and the bucket loader.  The deflections and strains measured on the 
bridge during load testing were then compared to values determined through computer 
modeling.  A complete discussion of testing methods, instrument setup, and results from 
the load tests conducted in 2008 will be provided in the following section.  Finally, an 
additional objective of this research will be to use the results from the load tests, and the 
instrumented Stadium Bridge itself as a teaching tool for the undergraduate, junior level, 
structural analysis class CEE 331. 
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Figure 4.1 Location of the Stadium Bridge on the UMass Amherst campus. 
 
 
4.2 Description of the Stadium Bridge 
 
The Stadium Bridge is a Warren pony truss bridge with a 40 foot span, see 
elevation view in Figure 4.2.  Built in 1906 and originally located in southern Vermont, it 
was the first bridge donated to the Adaptive Use Bridge Project and has since been 
reconstructed on campus for pedestrian use.  Although most components of the trusses 
are original, several were replaced during reconstruction, because of damage sustained 
from years of use or due to significant section loss from corrosion.  The replaced 
components include the bottom chord members, a section of the top chord (which had 
been badly damaged by a snowplow), the deck beams and stringers, and the deck surface.  
Replacement members were selected to have the same dimensions as the originals, 
however all new connections were made with bolts rather than rivets.   
 
Stadium Bridge 
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Figure 4.2 Elevation view of the Stadium Bridge, with the different truss sections found 
on the bridge. Panel point labels that are circled indicate the locations where deflections 
were measured.  
 
There are five different sections found in the trusses of the Stadium Bridge.  All 
sections are believe to be steel, as the bridge was built too late to be made of wrought 
iron and „Carnegie‟ can be found stamped on some of the members indicating it is steel.   
All truss sections incorporate the same angles, measuring 2 inches wide, 2.5 inches high 
and 0.25 inch in thickness, but differ in how they are connected.  The geometry of each 
section on the bridge is shown in Figure 4.2.  The bottom chord is made up of two 
parallel angles spaced 10 inches apart and connected by 5 inch wide plates spaced 3 feet 
on center.  The top chord is composed of two angles riveted to a 10 inch wide, 0.25 inch 
thick plate that is continuous from panel points U0 to U2 and U2 to U4.  The two tension 
diagonals (L1-U0, L2-U3) are made up of parallel angle sections spaced 10 inches apart 
and connected to each other by 5 inch long plates at either end. The two compression 
diagonals (L1-U2, L2-U2) and the two vertical members (L1-U1, L2-U3) are both 
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composed of two angles connected by a diagonal lacing made of 1.75 in by 0.25 in bars 
and 5 inch plates at each end.  
The decking of the Stadium Bridge is supported by four deck beams connected to 
the trusses at panel points L0, L1, L2, and L3.  The deck beams, W10x19 sections, are 
10.25 inches deep, 4.06 inches wide, and 0.25 inches in thickness and are connected to 
the trusses through shear tabs, which are welded to the beam webs and bolted to the 
gusset plates.  The deck beams support five stringers, each continuous along the entire 
length of the bridge and spaced 33 inches apart.  The stringers are S4x7.7‟s that are 3.31 
inches deep, 2.62 inches wide and 0.25 inches thick; the bottom flanges of the stringers 
are welded to the top flanges of the deck beams.  The deck surface consists of 2.5 inch 
thick by 8 inch wide timbers, which are attached to the stringers by bolts that pass though 
the top flanges of the stringers.  Figure 4.3 is an isometric view of the Stadium Bridge‟s 
deck system.  The Stadium Bridge also has two non-structural railings that are 4 feet 
high, the railing posts are bolted to the deck beams and do not connect to the truss.  The 
railings are not expected to provide any additional stiffness to the bridge.  
 
 
Figure 4.3 Isometric view of the deck system on the Stadium Bridge. 
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4.3 Dial Gage Placement 
 
 
Bottom chord deflections of the Stadium Bridge were measured using three 
Mitutoyo digital dial gages, displayed in Figure 4.4.  Each gage was attached to an 
aluminum angle, which had been driven into the stream bed adjacent to the bridge at the 
desired gage location.  A plate was then clamped to the bridge at the location deflection 
would be measured and put in contact with the gage.  As the bridge deflected under load 
the plates would push on the gages, and the deflection of the truss was measured.  Gage 
DG1 was placed at the bottom chord joint L1, DG2 was placed at the mid-span location 
marked C, and DG3 was placed at the bottom chord joint L2; all locations are labeled in 
Figure 4.2.  This setup was used to measure deflection in both the pickup and bucket 
loader load tests.   
 
 
Figure 4.4 One of the Mitutoyo digital dial gages used to measure deflections on the 
Stadium Bridge. 
 
 
4.4 Chevy Pickup Load Test 
 
 
The first load tests involved loading the bridge with a Chevy Silverado pickup 
truck weighing approximately 5250 lbs.  Prior to loading the bridge each gage was zeroed 
and an initial reading was taken, next the truck was driven onto the bridge, its engine 
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turned off, and a set of loaded readings were taken.  The truck was driven off the bridge 
and a final set of „residual‟ readings were taken to ensure all gages returned to zero (if the 
bridge behaved elastically, then all gages should return to their zero reading).  
Deflections at each location were calculated as the difference between the initial gage 
reading and the loaded reading.    
 Four load tests were conducted with the Chevy Silverado pickup truck, in which 
the truck positioned at three different locations on the bridge.  In location 1 the truck was 
positioned with its front axle at panel point L1; in location 2 the front axle of the truck 
was positioned at L2, and in location 3 the front axle was at L3.  In all tests the truck was 
facing north, away from the stadium and was situated at the center of the bridge deck, so 
that each truss would be equally loaded.  In Test 1 and Test 2 the truck was placed at 
location 2; note that between each of the tests the truck was completely removed from the 
bridge and the gages were zeroed.  Test 3 was a moving load test, where the truck was 
positioned at location 1, location 2, and location 3 without being removed from the 
bridge; gages were not zeroed as the truck was moved along the bridge.  Test 4 was the 
final test conducted with the truck and was a repeat of load test three.  Deflections 
measured at the instrumented locations during each test (in inches) are listed in Table 4.1. 
 
 
Table 4.1  Deflections (in) measured by each gage during the Chevy Silverado load tests. 
  Location 1 Location 2 Location 3 
Test L1 C L2 L1 C L2 L1 C L2 
1 - - - -0.0300 -0.0365 -0.0400 - - - 
2 - - - -0.0275 -0.0405 -0.0370 - - - 
3 -0.0210 -0.0270 -0.0205 -0.0270 -0.0400 -0.0375 -0.0050 -0.0185 -0.0200 
4 -0.0200 -0.0265 -0.0195 -0.0255 -0.0395 -0.0360 -0.0035 -0.0170 -0.0180 
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Results from the load tests appear to agree with the expected behavior of the 
bridge.  The largest deflections were measured for the truck at location 2, where it was 
most centrally located on the bridge.  Deflections for location 1 were less, as the truck 
was located between panel points L0 and L1 and thus some of the load would go directly 
from the stringers to the supports.  Deflections for the truck at location 3 were the least 
since the front axle was located directly over a support.  The results were found to be 
reproducible: deflections measured in Test 1 and Test 2 differed by 8.3%, 10.9%, and 
7.5% for locations L1, C, and L2 respectively.  For Test 3 and Test 4 deflections differed 
by less than 10% for all gages, with the exception of gage DG1 (panel point L1) with the 
truck at location 3.  Finally, for all tests the difference between the residual readings and 
the zero readings were found be very small, typically in the thousandths of an inch 
indicating bridge behavior remained in the elastic range. 
 
 
4.5 John Deere 410E Bucket Loader Tests 
 
 
The second load test was conducted with a John Deere 410E bucket loader.  This 
vehicle was considerably heavier than the pickup truck weighing approximately 19340 
lbs; this weight was provided by UMass Facilities who had weighed the loader on their 
scale.  The center of gravity of the loader was assumed to be just to the front of the rear 
wheels.  This was an approximation given by the loader‟s operator, however he knew the 
machine quite well and it was later found to be a very good approximation.  The loader‟s 
center of gravity was used as the reference when positioning the loader along the bridge 
during testing.   
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The same procedure used for the pickup truck load tests was used for the loader 
tests. First, gages were zeroed and an initial gage reading was taken, the loader was then 
positioned on the bridge, its engine turned off and a set of loaded readings were taken, 
finally the loader was removed from the bridge and residual readings were taken.  In Test 
1 and Test 2 the loader‟s center of gravity was positioned at the center of the bridge 
(location marked C in Figure 4.2); in Test 1 the loader was facing north, then in test two 
it was facing south.  Test 3 was a moving load test: with the loader facing south, its center 
of gravity was positioned at L1, C, and L2 without being removed from the bridge 
between measurements.   
 
Table 4.2 Deflections (in) measured by each gage for the John Deere 410E loader tests. 
 
C.G at L1 C.G. at C C.G. at L2 
Test L1 C L2 L1 C L2 L1 C L2 
1 - - - -0.1530 -0.1760 -0.1530 - - - 
2 - - - -0.1460 -0.1730 -0.1535 - - - 
3 -0.1550 -0.1660 -0.1230 -0.1450 -0.1810 -0.1650 -0.1120 -0.1645 -0.1555 
 
 
Results from Test 1 and Test 2 indicate the assumed center of gravity location was 
accurate.  In these tests the loader was positioned at the center of the bridge first facing 
north then south.  If the center of gravity were assumed correctly, then the forces acting 
on the truss from the deck beams would be the same for each test and thus deflections 
would be the same.  The percent difference in deflection for these two tests was small, 
only 4.6% for location L1, 1.7% for location C, and 0.3% for location L2; indicating that 
the center of gravity was assumed correctly. 
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CHAPTER 5 
 
 
5 COMPUTER MODELING OF THE 2008 LOAD TESTS 
 
 
5.1 Objectives 
 
 
Computer models of the Stadium Bridge were used to compare deflections 
measured during load testing to deflections predicted through analytical methods.  The 
computer models of the Stadium Bridge were used to examine different assumptions 
regarding member connectivity and support conditions.  Computer modeling and load 
testing were performed with the additional goal of being used in the undergraduate 
structural engineering class.  Students will be able to use results from the load tests to 
check their analysis results and examine how changing model assumptions, such as 
connections and support conditions, affect the results.  Finally, they will have the 
opportunity to investigate why their idealized models of the bridge may not match 
perfectly to the measured results.  Although this will not be discussed in detail, the results 
provided in the following sections will be used as a basis for developing the 
undergraduate coursework. 
 
5.2 Model Assumptions and Loading 
 
 
The bridge was modeled in 2-dimensions with line elements in the structural 
analysis programs ADINA and MASTAN2.  Material and cross sectional properties were 
consistent among the different models and section properties were calculated using 
dimensions measured on the bridge.  The top chord, a composite section of two angles 
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connected continuously by a ¼ inch plate, was defined with a cross sectional area of 
4.625 in
2
 and a moment of inertia equal to 2.28 in
4
. The bottom chord, diagonals, and 
verticals, all of which are composite sections of two angles connected by plates or lacing 
members, were defined with a cross sectional area of 2.123 in
2
 and a moment of inertia 
equal to 1.308 in
4
.  A modulus elasticity of 29x10
6
 psi was applied to all elements since 
the bridge is steel.  MASTAN2 and ADINA require consistent units to be used when 
creating model geometries, defining section properties, and applying loads; all models 
were created in length units of inches and force units of lbs. 
 The first model created was a basic truss model, in which all connections were 
assumed pinned and no moment transfer could occur between members.  The actual 
connections of the Stadium Bridge are not pins, but rather gusset plates that do not allow 
members to rotate.  The second model accounted for this as all connections were set as 
rigid.  The third model attempted to model the gusset plates further by assigning rigid end 
zones to account for the size of the gusset plates.  All models were created in both 
ADINA and MASTAN2 with the exception of the gusset plate model, which was only 
created in ADINA as it is difficult to create rigid end zones in MASTAN2.  Rigid end 
zone lengths for each element are listed in Table 5.1. 
 
 
 
 
 
 
 
 
 
 
 
 
63 
 
 
 
Table 5.1 Rigid end zone lengths (in) for each element. 
Element 
Length 
From Start 
Length 
From End 
L0-L1 11.75 9.5 
L1-L2 9.5 0 
L1-L2 0 9.5 
L2-L3 9.5 11.75 
L1-U0 13.5 12.25 
L1-U1 7.5 7.75 
L1-U2 11 12.25 
L2-U2 11 11.25 
L2-U3 7.5 7.75 
L2-U4 13.5 11.25 
L0-U0 14 13 
U0-U1 11.25 3 
U1-U2 3 8.5 
U2-U3 8.5 3 
U3-U4 3 11.25 
U4-L3 13 14 
 
 
In addition to examining the different connection types within the truss, different 
support conditions were examined as well.  The Stadium Bridge sits on base plates 
containing slots through which it is bolted, see Figure 5.1.  The setup theoretically allows 
the bridge to translate a small amount horizontally; however these supports have become 
partially buried in the surrounding soil, possibly preventing any horizontal movement.  
To account for this two support conditions were considered in the computer models: a 
pin-pin support where no horizontal displacement can occur, and a pin-roller support, 
which allows for displacement.   
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Figure 5.1 Bridge support L3 on the east-side truss of the Stadium Bridge. 
 
 
 The decking of the stadium bridge is supported by four deck beams connected to 
the two trusses at panel points L0, L1, L2, and L3.  Loads from the Chevy pickup truck 
and the John Deere 410E loader were applied to the models at nodes corresponding to L1 
and L2.  The beams at L0 and L3 frame into the connection directly over the bridge 
supports, see Figure 4.3, thus loads from these two beams would not act on the truss and 
were not included in the models.    
The Chevy pickup had a total weight of approximately 5250 lbs with a front/rear 
weight distribution of 59/41 and a wheelbase of 12 ft, according to the specifications 
listed on the General Motors website (Chevy Silverado 1500).  Using this information 
and the fact that this vehicle was positioned on the bridge by location of the front axle, 
basic statics were used to determine the forces acting on joints L1 and L2.  Only half of 
the total truck weight was applied to the truss, since it was positioned in the center of the 
deck and each truss would take half the total load.   Force applied to nodes L1 and L2 for 
each of the Chevy Silverado load tests are listed in Table 5.2.   
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Table 5.2 Forces applied to the model (lbs) on joints L1 and L2 for the Chevy Silverado 
load tests. 
Location L1 L2 Load Tests Used 
Location 1 1661 0 3,4 
Location 2 972 1661 1,2,3,4 
Location 3 0 972 3,4 
 
 
The 410E loader had a total weight of 19340 lbs, as measured by the UMass 
facilities scale, and a wheelbase of 82.7 in.  As discussed earlier, the loader‟s center of 
gravity was located at the front edge of the rear wheel, 31 inches from the rear axle.  
From this information it was possible to determine the front/rear axle weight distribution, 
which was found to be approximately 40/60.  Again only half of the total weight was 
applied to the model as the loader was positioned in the center of the bridge deck.  Forces 
applied to each joint for the 410E loader tests are listed in Table 5.3. 
 
Table 5.3  Force applied to the model (lbs) on joints L1 and L2 for the John Deere 410E 
loader tests. 
Location  L1 L2 Tests Used 
C.G. @ L1 7287 1151 3 
C.G. @ C 4835 4835 1,2,3 
C.G. @ L2 1231 7287 3 
 
 
5.3 Discussion: Chevy Pickup Truck 
 
 
 Results from the models of the Chevy Pickup load tests are listed in Table 5.4.  A 
total of six different models were run for each load; three different connection types were 
modeled: a pin-connected truss model, a frame model, and a frame model with rigid end 
zones.  For each connection type a pin-pin and pin-roller support condition were used.  A 
first order linear elastic analysis was used for each model. 
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Table 5.4  Deflections (in) determined from each model for the Chevy Silverado load 
tests. 
  
Location 1 Location 2 Location 2 
Support Gage Truss Rigid Gusset Truss Rigid Gusset Truss Rigid Gusset 
pin-roller 
L1 -0.028 -0.028 -0.023 -0.037 -0.037 -0.031 -0.012 -0.012 -0.010 
C -0.024 -0.027 -0.023 -0.038 -0.043 -0.037 -0.014 -0.016 -0.014 
L2 -0.021 -0.021 -0.017 -0.040 -0.040 -0.033 -0.016 -0.016 -0.013 
pin-pin 
L1 -0.017 -0.017 -0.014 -0.020 -0.020 -0.016 -0.006 -0.006 -0.005 
C -0.014 -0.016 -0.013 -0.022 -0.025 -0.020 -0.008 -0.009 -0.008 
L2 -0.010 -0.010 -0.008 -0.023 -0.023 -0.019 -0.010 -0.010 -0.008 
 
 
 From the values listed in Table 5.4, it was observed that the deflections from the 
pin-pin models were less than those from the pin-roller models.  The percent difference 
between deflections from the pin-roller models and the pin-pin models for mid-span 
deflections (gage DG2) fell between 42% and 44%.  When compared to the measured 
deflections it was found that the pin-roller models were closer to the measured values 
than pin-pin models for most deflections.  For example, mid-span deflection from the 
pin-roller truss model for location 1 had a difference of 10% from the actual, while the 
corresponding pin-pin model had a difference of 48%.  The percent difference from 
measured for the pin-pin models was generally over 40%; however it was found that L1 
deflections were actually closer to the measured values for the pin-pin model.  
Only a small difference was observed in values of deflection between the truss 
and the frame models of the same support type.  Changing connections from pinned to 
fixed had little effect since the bending stiffness of the truss members were not very high, 
this will be discussed again in section 7.1.5.  Deflections from the gusset plate models, 
however, were lower than those from the frame and truss models by 15 to 17%.  
Introducing the rigid end zones to model the gusset plates, reduced the element lengths 
which increased the bending stiffness of the elements; this had the effect of increasing the 
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total stiffness of the system resulting in smaller deflections for these models.  Although 
the deflections from the gusset models were lower in magnitude than those from the truss 
and frame models, neither was found to provide values consistently closer to the 
measured deflections for all gages.  
 
5.4 Discussion: John Deere 410E Bucket Loader 
 
 
Deflections calculated from the models of the 410E loader tests are listed in Table 
5.5.  As with the models of the Chevy Silverado tests, 3 different connection types and 
two different support conditions were considered in the six models for each load, and a 
first order linear elastic analysis was used. 
 
Table 5.5 Values of deflection (in) calculated from the models of the John Deere 410E 
loader tests. 
  
C.G. at L1 C.G. at C C. G. at L2 
Support Gage Truss Fixed Gusset Truss Fixed Gusset Truss Fixed Gusset 
pin 
roller 
L1 -0.135 -0.135 -0.112 -0.140 -0.140 -0.117 -0.110 -0.110 -0.093 
C -0.122 -0.138 -0.117 -0.140 -0.158 -0.134 -0.123 -0.139 -0.118 
L2 -0.109 -0.109 -0.092 -0.140 -0.140 -0.117 -0.136 -0.136 -0.113 
pin-pin 
L1 -0.083 -0.083 -0.066 -0.080 -0.080 -0.064 -0.058 -0.058 -0.047 
C -0.070 -0.080 -0.065 -0.080 -0.091 -0.075 -0.071 -0.080 -0.066 
L2 -0.057 -0.057 -0.046 -0.080 -0.080 -0.064 -0.083 -0.083 -0.067 
 
 
 It was found that deflections from the pin-pin models were less than those from 
the pin-roller models.  The percent difference in values of deflection between the pin-
roller and pin-pin models was found to be over 40% for all loads and gages.  When 
compared to measured bridge deflection the pin-roller models were consistently more 
accurate than the pin-pin models.  For example, with the loader‟s center of gravity at C, 
the deflections of pin-roller truss model differed from measured by 5.5%, 20.9%, and 
11% for locations L1, C, and L2 respectively; for the pin-pin truss model under this 
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loading the percent difference for the three gages were 45.8%, 54.6%, and 48.9% 
respectively.  For the pin-pin models, the percent difference from measured was found to 
be over 45% for all models and gages. 
 The difference between deflections calculated from the truss and fixed connection 
models was found to be small, under 1% for locations L1 and L2; however a 13% 
difference was observed for location C.  Mid span deflections, gage DG2, from the rigid 
models were found to be closer to the measured values than the pinned models by about 
10% for each of the tests with the bucket loader.  Deflections from the gusset plate 
models were found to be lower than those from the truss and frame models by 17% for 
locations L1 and L2, but only 4% for location C.  It was found that the percent difference 
between calculated and measured deflections was consistently lower for the truss and 
frame models than those from the gusset models.  For location L1, with the loader‟s 
center of gravity at C, percent difference in deflection from actual for the truss model was 
5.5%, for the frame model it was 5.7%, while for the gusset model the percent difference 
was 21.3%.   
  
5.5 Conclusions 
 
 
The 410E loader was positioned along the bridge by location of its center of 
gravity, which was assumed to be just to the front of the rear wheels.  Two tests were 
conducted in which the loader was placed in the center of the bridge, but facing in 
opposite directions each time.  Deflections from these two tests were nearly identical, 
thus indicating that the assumed center of gravity was a good approximation.   
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Computer models were created for each load test, and included three different 
connection types (pinned, rigid, and gusset) and two different support conditions (pin-pin 
and pin-roller).  Deflections calculated from pin-pin models were found to be less than 
those from the pin-roller models; however deflections from the pin-roller models were 
found to be closer to the measured values, especially when modeling the 410E bucket 
loader tests.  Deflections from the pin-pin support models were generally found to be 
different from measured values by at least 40%, thus models of the 2009 load tests will 
not include the pin-pin support condition as it does not accurately represent the actual 
support condition of the bridge, more discussion on this in section 7.1.3.  
Deflections from the truss and rigid connection models were very similar, 
however deflections from the gusset type models were found to be less than the truss and 
rigid models by, on average, 15%.  For the pickup truck loads, neither connection type 
was found to consistently provide results closer to measured values; however for the 
bucket loader tests, it was found that deflections from the truss and rigid models were 
always closer to measured values than those from the gusset models.  Based on the results 
from computer modeling the 2008 load tests, it seems that the most accurate method of 
modeling this bridge is either a pin or rigid connected truss with a pin-roller support 
condition.   
  
70 
 
CHAPTER 6 
 
 
6 2009 LOAD TESTING 
 
6.1 Objective 
 
 
For the 2009 load tests, the Stadium Bridge was instrumented with strain gages 
and dial gages to measure member axial strains and bottom chord deflections.  
Deflections were measured by dial gages, using the same setup for the load tests 
conducted in 2008, and member strains would be measured using vibrating wire strain 
gages.  From the strains recorded by the strain gages it was possible to determine stress 
and member axial forces using the material and section properties of the truss members.  
In the 2009 load tests the Stadium Bridge was loaded with the John Deere 410E bucket 
loader and a Jeep Cherokee.   
 
6.2 Bridge Instrumentation Plan 
 
 
 The strain gages used on the Stadium Bridge were Geokon Model 4100 vibrating 
wire strain gages, see Figure 6.1 for diagram. Vibrating wire strain gages measure strain 
by relating change in strain to resonant frequency of a wire.  The gage itself is a hollow 
steel cylinder containing a wire running through its center fixed at each end.  Each end of 
the cylinder is fastened to a steel block, which are then welded to the structural member 
for which strains are being measured.  As the member undergoes strain, the two blocks 
move relative to each other and this motion either raises or lowers the tension in the wire 
resulting in a change in its natural frequency.  A sensor attached to the gage measures this 
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change in frequency and a change in strain can then be determined.  The gage also 
contains a thermistor to measure gage temperature, which is useful when investigating 
temperature induced strains.   
 
 
Figure 6.1 Diagram of the Geokon Model 4000 vibrating wire strain gage, taken from the 
Geokon Model 4000 Instruction Manual.  
 
 Gage placement on the Stadium Bridge is shown in Figure 6.2. All strain gages 
were placed on the bridge‟s east side truss, with the exception of G10, and were placed at 
mid-length of the structural member to which they are attached, except for gage G4.  
When possible, gages were installed on the bottom side of members to provide protection 
from weather and sunlight.  G1 was installed on the plate of the top chord member L0-
U0.  G8 and G9 were also placed on the top chord on member U1-U2; G8 was located on 
the plate, while G9 was located on the deck side angle of the built up section.  G10 was 
placed on member U1-U2 of the west side truss, on the plate of the built up section. G2 
was located on the deck-side angle of the outer diagonal member L1-U0, G3 on the deck-
side angle of the vertical member L1-U1, and G7 was placed on the deck-side angle of 
the inner diagonal L1-U2. Gages G4, G5, and G6 were placed on the bottom chord 
member U1-U2.  G6 was installed mid-length of the member on the inside angle, G5 was 
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located next to G6 but on the outside angle.  G4 was installed on the deck side angle of 
the built-up section one foot from the start of the gusset plate.   
 
Figure 6.2 Strain gage locations on the stadium bridge. 
 
 
Prior to installing the strain gages, bridge members were stripped of paint and 
cleaned in the area where the gages were to be installed; gage end blocks were then arc 
welded to the bridge members in the specified locations.  A special mounting jig was 
used to ensure all blocks were welded apart the appropriate gage length of six inches.  All 
strain gages were wired to a 20 channel Slope Indicator terminal box.  A Geokon model 
404 readout box was used to connect to the terminal box to provide readings of 
temperature and strain for each gage.  Note that the readout box was not capable of 
storing strain readings, it was necessary to record these values by hand.   
 During testing, strain readings were taken prior to, during, and after testing.  Raw 
strain readings from the readout box are directly related to wire frequency, and need to be 
converted into change in strain.  Member strains from loading the bridge were calculated 
with the following equation provided by Geokon: 
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∆𝜀 = 𝐵(𝑅1 − 𝑅0)      Eq-1 
 
Where, B is the batch gage factor provided by Geokon, R0 is the initial strain reading, and 
R1 is the final strain reading.  The batch gage factor, which is a calibration to account for 
the vibrating wire length, was equal to 0.96 for all gages.  All strain readings reported by 
the readout box were provided in micro-strain.  Values of strain were converted to stress 
using an elastic modulus of 29000 ksi, as the Stadium Bridge is a steel bridge.  Values of 
stress were then converted to axial force using the cross sectional areas of each bridge 
section. 
 Bridge deflections for the 2009 load tests were measured using the same setup 
used for the 2008 load tests described in section 4.3.  Three Mitutoyo Absolute digital 
dial gages with a resolution of 0.0000 inches, were placed along the bottom cord of the 
Stadium Bridge‟s east side truss at locations L1, C, and L2 (shown in Figure 6.3).  Gages 
were attached to angles alongside the bridge with C-clamps and positioned directly 
underneath the three locations.  As with strain readings, dial gage readings were taken 
prior to, during, and after loading.  Truss deflections were taken as the difference 
between the initial and loaded gage reading.  
 
 
Figure 6.3 Elevation of the Stadium Bridge with dial gage locations are circled. 
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6.3 Load Testing Methods  
 
 
 Two sets of load tests were conducted on the fully instrumented Stadium Bridge: 
the first set was performed with a 2005 Jeep Grand Cherokee and a second set of tests 
used a John Deere 410E bucket loader.  In each load test measurements of member strain, 
gage temperature, and deflection were recorded.  In all tests, the Jeep or front loader was 
centered on the bridge deck such that each truss would receive an equal amount of the 
load.  Readings were taken for each vehicle positioned at multiple locations on the bridge 
in order to provide insight into how it behaved under different loading.   
 
6.3.1 Jeep Load Tests 
 
 
 The first load tests conducted on the instrumented Stadium Bridge were 
performed with a Jeep Cherokee.  During this first round of testing the Jeep was 
positioned on the bridge by location of its front axle; three different positions were used 
to produce three different loadings on the bridge.  In Test 1, the front axle of the Jeep was 
positioned over panel point L1 (see Figure 6.3) with the Jeep facing south towards the 
football stadium.  In Test 2, the Jeep was positioned with its front axle over L1, but this 
time facing north away from the stadium.  Finally, in Test 3 the front axle of the jeep was 
positioned over L2, with the vehicle facing south towards the stadium.  The weight of the 
Jeep was not measured prior to testing, but from reviewing several online sources it was 
estimated to weigh 4440 lbs, with a front/rear weight distribution of 53/47 (Jeep 
Cherokee Laredo). 
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Prior to loading the bridge with the Jeep, initial readings of temperature and strain 
were taken for each gage, and the dial gages were zeroed.  The Jeep was then driven onto 
the bridge, parked in the desired location with its engine turned off, and a set of „loaded‟ 
readings were taken.  Finally, the Jeep was driven off the bridge and a final set of 
readings were taken.  This last set of readings, referred to as the residual readings, were 
taken to ensure all gages returned to their unloaded state, and would become the zero 
readings for the subsequent test if one was performed.   
Two sets of load tests were performed with the Jeep.  The first set of testing was 
performed at 3:00 pm on 7/15/2009 after gages G1 through G7 were installed on the 
bridge.  The primary goal of this testing was to verify that the strain gages were 
functioning correctly; no displacement readings were taken.  Once all gages were 
installed on the bridge a second round of testing was conducted at 11:00 am on 
7/20/2009, where strain, temperature, and displacement readings were taken.  Table 6.1 
contains the values of strain, stress, and axial force measured by each strain gage for the 
Jeep load tests conducted on 7/15/2009, values measured from the tests conducted on 
7/20/2009 are listed in Table 6.2, and Table 6.3 lists the bottom chord displacements 
measured by the dial gages for each load test.  Note that the stresses listed in Table 6.1 
and Table 6.2 were converted from strain by using a modulus of 29000 ksi, and axial 
forces were calculated multiplying stress by the cross sectional area of each truss 
member. 
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Table 6.1 Values of stress in ksi and strain in micro-strain for each gage from the Jeep 
load tests on the stadium bridge conducted on 7/15/2009.  
  Test 1 Test 2 
Gage 
Strain 
(με) 
Stress 
(ksi) 
Axial 
Force 
(kips) 
Strain 
(με) 
Stress 
(ksi) 
Axial 
Force 
(kips) 
1 -19.5 -0.57 -2.61 -12.7 -0.37 -1.70 
2 97.2 2.82 5.99 73.6 2.14 4.54 
3 13.3 0.39 0.82 15.2 0.44 0.93 
4 19.2 0.56 1.18 14.7 0.43 0.91 
5 44.0 1.28 2.71 27.7 0.80 1.71 
6 47.1 1.37 2.90 29.9 0.87 1.84 
7 17.4 0.50 1.07 38.0 1.10 2.34 
8 - - - - - - 
9 - - - - - - 
10 - - - - - - 
 
 
Table 6.2 Values of stress in ksi and strain in micro-strain for each gage from the Jeep 
load tests on the stadium bridge conducted on 7/20/2009. 
  Test 1 Test 2 Test 3 
Gage 
Strain 
(με) 
Stress 
(ksi) 
Axial 
Force 
(kips) 
Strain 
(με) 
Stress 
(ksi) 
Axial 
Force 
(kips) 
Strain 
(με) 
Stress 
(ksi) 
Axial 
Force 
(kips) 
1 -11.5 -0.33 -1.55 -9.9 -0.29 -1.33 -4.8 -0.14 -0.64 
2 88.7 2.57 5.47 62.9 1.82 3.87 46.4 1.34 2.86 
3 16.1 0.47 0.99 13.2 0.38 0.81 7.2 0.21 0.44 
4 35.4 1.03 2.18 32.2 0.93 1.98 21.4 0.62 1.32 
5 41.6 1.21 2.56 28.0 0.81 1.73 22.5 0.65 1.38 
6 47.9 1.39 2.95 35.7 1.04 2.20 27.6 0.80 1.70 
7 12.5 0.36 0.77 36.0 1.04 2.22 -32.9 -0.95 -2.03 
8 -27.4 -0.79 -3.67 -28.3 -0.82 -3.80 -8.0 -0.23 -1.07 
9 -21.1 -0.61 -2.83 -15.4 -0.45 -2.06 -8.5 -0.25 -1.15 
10 -29.0 -0.84 -3.89 -31.7 -0.92 -4.25 -1.3 -0.04 -0.18 
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Table 6.3 Values of bottom chord deflection (in) for the 7/20/2009 load tests. 
Gage Test 1 Test 2 Test 3 
DG1 -0.0375 -0.0225 -0.0195 
DG2 -0.0350 -0.0180 -0.0255 
DG3 -0.0350 -0.0165 -0.0305 
 
 
6.3.2 John Deere 410E Bucket Loader Load Tests 
 
 
  Additional load tests were performed on the instrumented stadium bridge with a 
John Deere 410E bucket loader.  This was the same loader used in the September of 2008 
load tests and had a total weight of 19340 lbs.  Unlike the load tests conducted with the 
Jeep, the bucket loader was positioned on the bridge by using the approximate location of 
its center of gravity, which is just forward of its rear wheels.  The loader was positioned 
along the bridge in five different ways to provide five different loadings, and the loader 
was situated in the center of the bridge deck, so that equal load would be transferred to 
either truss.  The five different load cases used in the 410E load tests are as follows: 
 
Case 1: The center of gravity (c.g.) of the loader is positioned over location 2 with the 
loader facing north, away from the stadium. 
Case 2:  The c.g. of the loader is positioned over location 2 with the loader facing south, 
towards the stadium. 
Case 3: The c.g. of the loader is positioned over location 1 with the loader facing south. 
Case 4: The c.g. of the loader is positioned over location 2 with the loader facing south. 
Case 5: The c.g. of the loader is positioned over location 3 with the loader facing south. 
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 As with the Jeep load tests, gage readings for the 410E loader load tests were 
taken before loading, during loading, and after the 410E loader was removed from the 
bridge; the loader‟s engine was turned off once it was in the correctly positioned during 
each test.  Three series of tests were conducted with the loader on 8/31/2009, testing 
began at 10:30 am.  In the first test readings of strain, temperature, and deflection were 
recorded for the loader parked in the Case 1 position.  The loader was then removed from 
the bridge and the residual readings were taken.  These steps were then repeated but with 
the loader parked in the Case 2 position.  Finally, a moving load test was performed in 
which the loader was positioned in Case 3, Case 4, and Case 5 positions without being 
removed from the bridge between each set of readings.  Measurements of strain and 
temperature were taken for each gage, and measurements of bottom chord deflection 
were taken for each loading as well.  Values of strain, stress, and axial force measured be 
each gage for the bucket loader load tests are listed in Table 6.4 and Table 6.5; values of 
deflections for each load tests are listed in Table 6.6.  As with the measured values for the 
Jeep load tests, values of stress were calculated using a modulus of 29000 ksi, and axial 
force was calculated using cross sectional area of each member to which the gage was 
attached. 
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Table 6.4 Values of stress (ksi) and strain (με) measured by each gage for load Case 1 
and Case 2 with the John Deere 410E loader. 
 
Load Case 1 Load Case 2 
Gage 
Strain 
(με) 
Stress 
(ksi) 
Axial 
Force (kip) 
Strain 
(με) 
Stress 
(ksi) 
Axial 
Force (kip) 
1 -65.8 -1.91 -8.8 -64.3 -1.87 -8.6 
2 344.3 9.98 21.2 342.5 9.93 21.1 
3 54.5 1.58 3.4 43.2 1.25 2.7 
4 148.0 4.29 9.1 141.2 4.10 8.7 
5 160.8 4.66 9.9 164.2 4.76 10.1 
6 184.3 5.35 11.4 182.7 5.30 11.3 
7 36.2 1.05 2.2 -1.6 -0.05 -0.1 
8 -112.4 -3.26 -15.1 -118.7 -3.44 -15.9 
9 -75.6 -2.19 -10.1 -82.6 -2.39 -11.1 
10 -119.8 -3.47 -16.1 - - - 
 
 
Table 6.5 Values of stress (ksi) and strain (με) measured by each gage for load Cases 3, 
4, and 5 (moving load test) with the John Deere 410E loader. 
  Load Case 3 Load Case 4 Load Case 5 
Gage 
Strain 
(με) 
Stress 
(ksi) 
Axial 
Force 
(kip) 
Strain 
(με) 
Stress 
(ksi) 
Axial 
Force 
(kip) 
Strain 
(με) 
Stress 
(ksi) 
Axial 
Force 
(kip) 
1 -72.1 -2.09 -9.7 -63.7 -1.85 -8.5 -37.8 -1.10 -5.1 
2 381.4 11.06 23.5 351.8 10.20 21.7 225.6 6.54 13.9 
3 74.8 2.17 4.6 42.0 1.22 2.6 2.9 0.08 0.2 
4 138.0 4.00 8.5 136.8 3.97 8.4 95.5 2.77 5.9 
5 150.3 4.36 9.3 163.4 4.74 10.1 135.3 3.92 8.3 
6 160.7 4.66 9.9 181.7 5.27 11.2 146.5 4.25 9.0 
7 137.9 4.00 8.5 -12.9 -0.37 -0.8 -139.7 -4.05 -8.6 
8 -134.5 -3.90 -18.0 -116.8 -3.39 -15.7 -73.2 -2.12 -9.8 
9 -35.7 -1.04 -4.8 -78.3 -2.27 -10.5 -51.2 -1.48 -6.9 
10 -134.2 -3.89 -18.0 -110.9 -3.22 -14.9 -66.8 -1.94 -9.0 
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Table 6.6 Deflections (in) measured from each gage for all load cases with the John 
Deere 410E loader. 
Gage Case 1 Case 2 Case 3 Case 4 Case 5 
DG1 0.1535 0.1530 0.1620 0.1555 0.1115 
DG2 0.1375 0.1445 0.1310 0.1445 0.1300 
DG3 0.1465 0.1595 0.1235 0.1645 0.1585 
 
 
 
6.4 Observations from Load Test Results 
 
 
Using the strain readings from the load tests conducted with the Jeep and the 
410E loader, several observations regarding the stadium bridge‟s behavior could be 
made.  It was first noted that the signs of member strains were found to match the 
expected truss behavior.  Gages attached to the top chord of the truss recorded 
compressive strains, gages on the bottom chord recorded tensile strains, tensile strains 
were recorded on the outer diagonal, and the inner diagonal strains varied depending on 
location of the load.  Despite this, unexpectedly large strains were measured in the 
vertical member L1-U1, which was expected be a zero force member if the bridge 
behaved as a true truss.  Strains recorded by gages G8 and G9 were found to differ, 
suggesting a moment developed in this member, as the gages were placed at different 
locations on the cross section of U1-U2.  Strains from gage G1 were used to estimate the 
support reaction at L0 using method of joints.  Knowing the support reaction at L0 and 
the location of the load along the truss it was possible to back calculate the total load 
acting on the bridge.  Finally, the distribution of forces in the bottom chord member L1-
L2 was examined using strain values from gages G4, G5, and G6.  The following sections 
contain detailed discussion of these observations with numerical results.   
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6.4.1 Equilibrium at Joint L1 
 
 
Four of the five members framing into joint L1 of the Stadium Bridge‟s eastern 
truss were instrumented with strain gages.  These include diagonal L1-U0, vertical L1-
U1, diagonal L1-U2, and bottom chord L1-L2, see Figure 6.4.  Although bottom chord 
member L0-L1 was not instrumented, it was still possible to use the axial forces from the 
other four members to examine equilibrium in the y-axis of this joint.  Forces measured 
in these members for load Case 2 with the John Deere bucket loader are shown in Figure 
6.4 
 
Figure 6.4 Axial forces at joint L1 measured during for Case 2 with the bucket loader. 
 
 Force equilibrium in joint L1 was examined for Case 2 of the John Deere bucket 
loader load tests.  Forces measured in the members framing into this joint are shown 
above, the applied load on this joint was taken as 4835 lbs (¼
th
 the weight of the loader 
since it was centered on the bridge) in the negative y-direction.  It was found that the sum 
of the forces in the y-direction did not equal zero, as would be expected for static 
equilibrium, but rather was equal to 10431 lbs.  Equilibrium at joint L1 was also checked 
for the measured forces in the bucket loader load Cases 3, 4, and 5.  The sum of forces in 
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the y-direction was found to equal 16521 lbs for Case 3, 10289 lbs for Case 4, and 2123 
lbs for Case 5.  Equilibrium in the x-direction for this joint could not be checked, since 
the force in L0-L1 was not measured.   
 The sum of the measured forces in the y-direction at joint L1 indicates that this 
joint is not in static equilibrium; however, this is obviously not the case since there was 
little displacement observed at this joint during load testing.  There are two possible 
explanations for this: either the truss members carry significant moments or the axial 
forces measured in the bridge members are incorrect.  It is unlikely that significant 
moments were generated in the truss members, as these members have low values of 
bending stiffness with respect to their axial stiffness.  It is possible though, that the net 
axial force in some of these members may not be equal to the values measured.  All of 
these members, with the exception of L1-L2, were instrumented with a single strain gage 
and all of these members are built up sections, thus different axial forces in the different 
components of these members would not have been measured.  This will be addressed 
again in the following section, where the axial forces measured in the vertical member 
are examined.  
 
6.4.2 Vertical Member Force 
 
 
 A truss analysis of the stadium bridge using method of joints would show that the 
vertical member L1-U1 is a zero force member.  Therefore, it was expected that strain 
readings for this member would be very small, corresponding to small axial loads on the 
member, this was not the case however.  Gage G3 was located on L1-U1, values of stress, 
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strain, and axial force for each load tests can be found in Table 6.1, Table 6.4, and Table 
6.5.   
For the load tests conducted with the Jeep, it was found that forces in U1-L1 
ranged from 0.4 to 1.0 kips, significantly more force than was expected.  Additionally, 
the forces in this member were significant in magnitude when compared to the forces in 
the other bridge members.  For example, it was found the force in the vertical member 
was equal to 77% of the load measured in the bottom chord for load 1 with the Jeep.  
Larger forces were recorded in this member for the load tests conducted with the 410E 
loader, as would be expected for a larger load.  However, for the 410E loader load tests it 
was found that the forces in the vertical member were smaller relative to the forces in the 
other bridge members.  For example, in load 3 the force in the vertical member is 50% of 
the load measured in the bottom chord.  
 
 
Figure 6.5 Influence line of axial load on the vertical member L1-U1. 
 
For the Jeep and the 410E load tests it was found that as the loads were positioned 
more closely to L1 the axial forces in L1-U1 were greater in magnitude than when the 
loads were positioned farther away.  The influence line shown in Figure 6.5 plots 
measured axial force in the vertical member against the location of the loader on the 
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bridge (note that this corresponds to the location of the loader‟s center of gravity).  The 
Stadium Bridge has two beams supporting the deck, one is attached to the gusset plate at 
joint L1, which L1-U1 is connected to, the other is attached the gusset plate at L2, see 
Figure 6.6 for picture of a deck beam-gusset plate connection.  As the load on the bridge 
is positioned further away from L1, the load on this deck beam decreases and the load in 
L1-U1 decreases as well.  This suggests that the connection of the deck beam at L1 may 
be responsible for the load developing in L1-U1.   
For L1-U1 to carry an axial force, the top chord must act as a beam.  Member L1-
U1 is connected via plates to the angels of the top chord member U0-U2, and forms a „T‟ 
with no other members able transfer the axial load from L1-U1, see Figure 6.6 for a 
picture of this connection.  Thus, there must be a moment in the top chord member U0-
U2 for the system to be in equilibrium, however the moment in the top chord was found 
to be much smaller than would be expected for the force in L1-U1 (see discussion on 
moment in member U1-U2 in the following section).  Another possible explanation of the 
vertical force in L1-U1 could be out of plane bending, resulting from the connection at 
L1.   
Delgrego et al. (2008) observed similar behavior when measuring strains in a 
railroad bridge.  The bridge, which is a pin connected steel truss, has deck beams 
connected to vertical members through angles and rivets, similar to the Stadium Bridge.  
They measured an uneven force distribution among the eye-bars composing the diagonals 
connected to the vertical member and attributed it to out of plane bending from the beam 
to vertical connection.  The deck beam on the Stadium Bridge is connected at L1 by two 
angles which are welded to its web and connected to the gusset plates by three bolts, see 
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Figure 6.6.  The beam is only connected to the gusset plate through its web, thus the 
moment transferred to the joint is not expected to be very large.  However, it should be 
noted that the deck beam at L1 eccentrically loads the connection: it connects into the 
joint 5 inches from the centerline of the truss, thus resulting in a 5 inch eccentricity that 
could produce out of plane bending.  The out of plane bending in L1-U1 would be 
measured in gage G3 as a tensile force, when the net axial force in the member is actually 
very small.  Unfortunately this cannot be verified since only the inner angle of L1-U1 
was instrumented.    
 
 
Figure 6.6 Picture of the vertical member L1-U1 on the Stadium Bridge, and the deck 
beam framing into panel point L2, which is identical to L1. 
 
 
6.4.3 Moment in Top Chord 
 
 
 The members that make up the truss of the stadium bridge consist of three unique 
sections; all have relatively low bending stiffness with respect to their axial stiffness.  For 
example, the top chord is the heaviest section on the truss, and has a cross sectional area 
of 4.62 in
2
 and a moment of inertia of only 2.28 in
4
.  In comparison, a typical wide flange 
section used in buildings, a W12x30 has a ratio of moment of inertia to area of 27:1.  As 
86 
 
force follows stiffness the bridge members were not expected to carry any significant 
moments.  However, a significant axial force was measured in the vertical member L1-
U1, so it was expected that there would be some moment in U0-U2 for the system to 
remain in equilibrium.  Gages G8 and G9 were placed at different locations on the cross 
section of U1-U2, with G8 located on the plate and G9 located on the angle.  As these 
gages had different vertical locations on the cross section it was possible to use their 
strain values to estimate moment in U1-U2.   
 Using the strain readings from gages G8 and G9, it was assumed that the 
distribution of axial strain in the top chord would be linear and the strains in these two 
gages would be a combination of axial and bending strains in the member.  All bending 
was assumed to occur about the major axis of the section.  To calculate the moment, 
strain at the neutral axis was first determined; this is the strain resulting from axial forces 
on the member as there is zero the bending strain at the neutral axis.  The location of the 
neutral axis was taken as the centroid of the cross section measured from the top (𝑦  = 
0.544 in).  Once the axial strain was determined it was subtracted from the strains 
measured by each gage, so the resulting strains were only from bending.  From these two 
strains it was possible to determine the distribution of strain and stress in the section.  
With the stress distribution known, the moments about the neutral axis were summed and 
a value of moment was found.  Moments were determined for load Cases 3, 4, and 5 of 
the 410E load tests, values are provided in Table 6.7 along with maximum bending stress 
and axial stress. 
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Table 6.7 Moments and axial forces along with bending and axial stresses measured in 
member U1-U2 for three load cases with the John Deere 410E loader. 
Load 
Case 
Moment 
(kip-in) 
Max Bending 
Stress (ksi) 
Axial 
Force (kip) 
Axial 
Stress (ksi) 
3 4.34 4.21 -15.44 -3.34 
4 1.71 1.66 -14.67 -3.17 
5 0.97 0.94 -9.21 -1.99 
  
 
Although the moments measured in the top chord were found to be small, with a 
maximum moment of only 4.34 kip-in, the bending stresses resulting from these moments 
were found to be similar in magnitude to the axial stresses in the member.  The bending 
stress was found to be greater than the axial stress for load Case 3, and even when the 
loader was positioned furthest from L1, load Case 5, the bending stress in the top chord 
was still about 50% of the axial stress.   
The moments in this member decreased as the loader was positioned further away 
from joint L1.  Similar behavior was observed in the vertical member L1-U1, in that as 
the loader was positioned further away from L1 the member‟s axial load decreased.  To 
satisfy equilibrium with the axial load in L1-U1 the top chord member U0-U2 was 
analyzed as a beam with the force from member L1-U1 treated as a point load acting at 
its mid-span.  The theoretical moment at the location of the gages was first determined 
assuming each end of the beam were pinned, then again with each end fixed, moments 
are listed in Table 6.8.  The calculated moments for the pinned ends assumption were 
found to be many times larger in magnitude than the measured moments.  For the fixed-
end assumption, moments were still found to differ by over 50% in magnitude; however 
these moments were found to be negative while measured moments were positive.   
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Table 6.8 Moments (kip-in) estimated at the location of gages G8 and G9 assuming the 
member acts as a beam in carrying the load from the vertical member. 
Load 
Case 
Moment 
(pinned ends) 
Moment 
(fixed ends) 
Measured 
Moment 
3 117.8 -6.47 4.34 
4 66.6 -4.06 1.71 
5 5.125 -0.312 0.97 
 
 
It is possible that the moment in the top chord is a result from the axial load in the 
vertical member L1-U1, although the estimated moments in U0-U2 do not seem to agree 
with the measured values.  As gages were only placed at one location along the top chord, 
it is difficult to reach any major conclusions without more information regarding the 
moment distribution in the member.   
 
6.4.4 Support Reactions 
 
 
 Axial force in the end panel of the top chord was determined from gage G1 
readings.   Using method of joints the reaction of support L0 could be easily calculated.  
Knowing the support reaction and location of the load on the bridge it was then possible 
to back calculate the total load acting on the bridge by setting the sum of the moments 
about support L3 equal to zero.  This calculation was performed for each loading of the 
410E loader, and values of support reaction are in Table 6.9.  Forces acting on joints at 
L1 and L2 from the 410E loader were determined by using location of the loader‟s center 
of gravity and wheelbase to estimate what percentage of its weight was acting on each of 
the deck beams framing in to these joints.  The estimated weights of the 410E for each 
load test are listed in Table 6.9. 
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Table 6.9 Axial load measured from gage G1, support reactions at L0, estimated weight 
of the John Deere 410E loader from the reaction (all in lbs), and percent difference of 
estimated loader weight from actual. 
Load 
Case 
L0-U0 
Axial Load 
Reaction 
Loader Wt Est. 
From Reaction 
% Diff From Actual 
Loader Wt 
1 -8820 5292 31750 64.2 
2 -8627 5176 20704 7.1 
3 -9670 5802 20520 6.1 
4 -8550 5130 18716 -3.2 
5 -5073 3044 15979 -17.4 
 
  
The loader weights estimated from the reaction at L0 were found to be close to 
the actual weight of 19340 lbs. The percent difference between the actual and estimated 
410E weights ranged from 3.2 to 64.2 as can be seen in Table 6.9, aside from the large 
difference for load Case 1, all other estimated weights fell within 20% of actual loader 
weight.  Although the location of the 410E bucket loader‟s center of gravity was verified 
with results from the 2008 load tests, these estimates of loader weight help to confirm the 
loader was correctly positioned along the bridge by its center of gravity, and that gage G1 
provided accurate readings of strain. 
 
6.4.5 Forces in Bottom Chord 
 
 
The bottom chord member L1-L2 is comprised of two angles connected together 
by four 5 inch plates evenly spaced along its length.  This member was instrumented with 
three strain gages to investigate how axial forces varied along the length of the member, 
and how axial forces were distributed between the two angle sections.   
 Gage G4 was placed 1 foot from the gusset plate connection on the deck side 
angle of L1-L2, while gage G6 was placed on the same angle at mid length of the 
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member, see Figure 6.2.  The forces measured by gage G4 were lower than those 
measured by gage G6 for all load tests.  For the load tests conducted with the 410E 
loader, the percent difference between these two forces ranged from 14 to 34 percent, for 
the Jeep load tests the percent difference ranged from 10 to 60 percent.  Although, this 
shows that forces are not uniform throughout the length of the member, it is difficult to 
explain exactly why this occurs without having additional gages on the bottom chord.  
One possible explanation for this could be shear lag, as gage G4 is placed very close to 
the gusset plate.  
 Bakht and Jaeger (1990), cite a load test on a pin-connected truss bridge where 
two component members of a built up tension chord shared load unequally, and in some 
cases one component carried nearly all of the tensile force.  They also state that in rigidly 
connected bridges the outer component tends to take a larger share of the bottom chord 
tensile load, and although they do not provide any numerical values of this difference 
they state that it is generally smaller than that observed in pin connected bridges.  This 
phenomenon was investigated on the bottom chord of the Stadium Bridge using results 
from gages G5 and G6 (G6 was located on the deck-side angle while G5 was on the outer 
angle).  It was found that gage G6 recorded higher values of axial force than G5 in all 
load tests.  The forces in these two gages differed from 6 to 15 percent for the load tests 
conducted with the 410E loader and 7 to 22 percent for the load tests conducted with the 
Jeep.  This behavior is similar to that described by Bakht and Jaeger (1990), and although 
it also suggests that the plates connecting the two angles of the bottom chord were not 
able to completely transfer loads between the two angles, the measured difference was 
relatively small.   
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CHAPTER 7 
 
 
7 COMPUTER MODELING OF THE 2009 LOAD TESTS 
 
 
7.1 2-D Models 
 
 
The 2009 load tests were modeled with structural analysis software to compare the 
behavior of the stadium bridge observed through load testing, to the behavior of the 
bridge determined through analytical methods.  Computer modeling was performed with 
the structural analysis software MASTAN2.  Values of member axial forces and bottom 
chord deflection determined through computer analysis were compared to values 
measured during load testing.  Initial modeling of the structure and loads was done in 2-
D, and additional modeling was done in 3-D to examine effects of the decking system on 
deflections and member axial forces.  
 
7.1.1 Model Assumptions and Loading 
 
 
 The computer models used in analysis of the 2008 load tests were used again for 
the 2009 load tests.  All bridge members were modeled as line elements, to which the 
properties of area, moment of inertia, and modulus of elasticity were assigned.  The top 
chord had a moment of inertia of 2.28 in
4
 with an area of 4.625 in
2
; all other members of 
the bridge had a moment of inertia of 1.308 in
4
 with an area of 2.125 in
2
.  Finally, a 
modulus of 29000 ksi was applied to all bridge members, since the stadium bridge is 
made of steel.   
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For each load test the Stadium Bridge was analyzed in two ways.  First, a truss 
model was used in which no connections were capable of transferring moment and all 
bridge members would only be subject to axial forces.  The different members of the 
stadium bridge are connected through gusset plates, which theoretically have some 
moment capacity.  Therefore, the bridge was also analyzed as a frame, in which all 
connections were assumed rigid and capable of transferring moment.  A pin-roller 
support condition was used for all models.  This support condition was found to provide 
the best results in the analysis of the 2008 load tests (see section 0); however since these 
load tests only considered deflections, axial forces from one load case using a pin-pin 
support condition were examined to verify this. 
 The beams supporting the bridge deck connect to the trusses at joints L1 and L2, 
therefore forces were applied on the models at the nodes corresponding to those joints.  
The forces acting on each joint for the Jeep and 410E loader were determined through 
basic statics using the following information.  The Jeep, a 2005 Jeep Grand Cherokee, 
had a curb weight of 3968 lbs with a front/rear weight distribution of 54/46 and a 
wheelbase of 106 inches (carfolio.com).  During testing the Jeep was positioned in the 
center of the bridge deck, so that each truss would be loaded equally, thus only 1984 lbs 
of total load were applied on each model to account for this.  Forces were applied to the 
model in the negative y-direction, and no structure dead loads were included in any 
model because all deflections and strains were measured relative to the dead load state of 
the bridge.  Forces applied to the model for each jeep load test are listed in Table 7.1. 
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Table 7.1  Forces applied to the 2-D truss models for each loading with the Jeep.   
Load # Joint L1 (lbs) Joint L2 (lbs) 
1 1380 604 
2 1380 0 
3 0 1380 
 
 
 The 410E loader was positioned along the bridge by location of its center of 
gravity.  The 410E had a total weight of 19340 lbs, measured by the UMass facilities 
scale, and a wheelbase of 82.7 in.  The loader‟s center of gravity was located at the front 
edge of the rear wheel, 31 inches from the rear axle.  Although this was an 
approximation, load tests have shown it was an accurate approximation, see section 4.5 
for more discussion of this.  As with the Jeep, the loader was positioned on the center of 
the bridge deck, so equal load would go to either truss.  The forces applied to each joint 
for the five tests conducted with the 410E loader are listed in Table 7.2. 
 
Table 7.2 Forces applied to the 2-D truss models for each loading with the John Deere 
410E loader. 
Load # Joint L1 (lbs) Joint L2 (lbs) 
1 4835 4835 
2 4835 4835 
3 7287 1151 
4 4835 4835 
5 1231 7287 
 
 
7.1.2 Computer Model Results 
 
 
 The truss and frame models were analyzed for each of the loads listed in Table 7.1 
and Table 7.2.  Values of member axial force and bottom chord deflections were 
examined for each model.  Only axial forces for members instrumented with strain gages, 
and deflections at locations having dial gages were examined.  Member axial forces from 
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the computer analysis of the Jeep loads are listed in Table 7.3, bottom chord deflections 
are listed in Table 7.4.  Member axial forces from the computer analysis of the 410E load 
tests are listed in the Table 7.5, bottom chord deflections are listed in Table 7.6.   
 
Table 7.3 Axial forces (lbs) in the truss members from the Jeep loads from the 2-D truss 
and frame computer models. 
Member  Gages  Load 1 Load 2 Load 3 
Truss         
L0-U0 G1 -1869 -1533 -766.7 
L1-U0 G2 1869 1533 766.7 
L1-U1 G3 0 0 0 
L1-L2 G4, G5, G6 2645 1840 1840 
L1-U2 G7 431.1 766.7 -766.7 
U1-U2 G8, G9, G10 -2990 -2453 -1227 
Frame         
L0-U0 G1 -1868 -1533 -766.4 
L1-U0 G2 1862 1527 765.1 
L1-U1 G3 3.229 3.532 -0.691 
L1-L2 G4, G5, G6 2642 1838 1838 
L1-U2 G7 430.7 764.7 -763.1 
U1-U2 G8, G9, G10 -2987 -2450 -1227 
 
 
Table 7.4 Deflections (in) of the bottom chord from the jeep loads for the 2-D truss and 
frame computer models. 
Location  Load 1 Load 2 Load 3 
Truss       
L1 -0.03030 -0.02284 -0.01706 
C -0.02868 -0.01995 -0.01995 
L2 -0.02705 -0.01706 -0.02284 
Frame       
L1 -0.03026 -0.0228 -0.01704 
C -0.03244 -0.02256 -0.02256 
L2 -0.02702 -0.01704 -0.02280 
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Table 7.5 Axial forces (lbs) in the truss members from the John Deere 410E loader for 
the truss and frame computer models 
Member Gages Load 1 Load 2 Load 3 Load 4 Load 5 
Truss             
L0-U0 G1 -8058 -8058 -8736 -8058 -5416 
L1-U0 G2 8058 8058 8736 8058 5416 
L1-U1 G3 0 0 0 0 0 
L1-L2 G4, G5, G6 12890 12890 11250 12890 11360 
L1-U2 G7 0 0 3409 0 -3364 
U1-U2 G8, G9, G10 -12890 -12890 -13980 -12890 -8666 
Frame             
L0-U0 G1 -8056 -8056 -8734 -8056 -5414 
L1-U0 G2 8032 8032 8704 8032 5403 
L1-U1 G3 9.953 9.954 18.07 9.954 -0.499 
L1-L2 G4, G5, G6 12880 12880 11240 12880 11340 
L1-U2 G7 5.512 5.512 3401 5.512 -348 
U1-U2 G8, G9, G10 -12880 -12880 -13960 -12880 -8666 
 
 
Table 7.6 Deflections (in) in the bottom chord from the John Deere 410E loader for the 
2-D truss and computer models. 
Location Load 1 Load 2 Load 3 Load 4 Load 5 
Truss           
L1 -0.1398 -0.1398 -0.1348 -0.1398 -0.1104 
C -0.1398 -0.1398 -0.12195 -0.1398 -0.1231 
L2 -0.1398 -0.1398 -0.1091 -0.1398 -0.1358 
Frame           
L1 -0.1396 -0.1396 -0.1346 -0.1396 -0.1103 
C -0.1581 -0.1581 -0.138 -0.1581 -0.1393 
L2 -0.1396 -0.1396 -0.109 -0.1396 -0.1356 
 
 
7.1.3 Support Conditions in 2009 Models 
 
 
 Computer models of the 2008 load tests included both a pin-roller and pin-pin 
support condition.  It was observed that values of deflection from models having the pin-
roller support condition were consistently closer to measured values of deflection.  From 
these results it was concluded that the actual supports of the Stadium Bridge were closer 
to a pin-roller than pin-pin and it was decided future models would only incorporate the 
pin-roller support type.  Regardless, since the 2008 load tests only examined values of 
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deflection, it was decided that one load case from the 2009 load tests would be modeled 
with this support condition to verify the 2008 results.   
 Load Case 2 from the 410E bucket loader tests was modeled in MASTAN2 using 
the pin-pin support condition and analyzed as a truss and as a frame.  Values of axial 
force for each pin-pin model are listed in Table 7.7 along with values from the pin-roller 
models and measured forces on the bridge.  Values of deflection for the pin-pin models 
and pin-roller models are listed in Table 7.8. 
 
Table 7.7  Axial forces (lbs) in the truss members measured during John Deere 410E 
loader Case 2, and calculated by computer models with both pin-roller and pin-pin 
support conditions. 
  
pin-roller pin-pin 
Member Load 2 Truss  Frame Truss Frame 
L0-U0 -8626.9 -8058 -8056 -8058 -8065 
L1-U0 21108.3 8058 8032 8058 8014 
L1-U1 2662.2 0 9.954 0 28.51 
L1-L2 10025.6 12890 12880 4298 4290 
L1-U2 -100.6 0 5.512 0 -17.79 
U1-U2 -14965.8 -12890 -12880 -12890 -12880 
 
 
Table 7.8 Deflections (in) of the bottom chord measured during John Deere 410E loader 
Case 2, and calculated by computer models with both the pin-roller and pin-pin support 
conditions. 
  
pin-roller pin-pin 
Location Load 2 Truss  Frame Truss Frame 
L1 0.1530 -0.1398 -0.1396 -0.08026 -0.08007 
C 0.1445 -0.1398 -0.1581 -0.08026 -0.09112 
L2 0.1595 -0.1398 -0.1396 -0.08026 -0.08007 
 
 
 Member axial forces were found to change only a small amount between the pin-
roller and pin-pin models, with the exception of the bottom chord.  Axial force in the 
bottom chord member L1-L2 decreased by 66% in the pin-pin models.  The difference 
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between the measured axial force and that from the pin-pin model in the bottom chord 
was 57%, while this difference was 28% for the pin-roller model, indicating that the pin-
roller model is more accurate for values of axial force.  Values of deflection for the pin-
pin models decreased by 42% from the pin-roller models, and again values of deflection 
from the pin-roller models were closer to the measured values than those from the pin-pin 
model.  From these results and the results from the 2008 load tests, it was concluded that 
the actual conditions on the bridge are more similar to a pin-roller than a pin-pin. 
 
7.1.4 Connection Types in 2009 Models 
 
 
 Computer models of the 2009 load tests included models as trusses having pin 
connections, and frames having rigid connections; however, the gusset connection 
models were not included.   From modeling of the 2008 load tests it was found that the 
gusset plate models were not able to estimate deflections as accurately as the truss and 
frame models and values of deflection were typically 15% less than the other models.  
For this reason gusset plate models were not used to model the 2009 load tests, however 
one model was create to verify that these models did not produce values of axial force 
significantly different from the truss and frame models.  Load Case 2, for the 410E 
bucket loader was modeled using the gusset plate model, values of member axial force 
from this model, as well as the measured forces and those from the truss and frame 
models are listed in Table 7.9.  Values of axial force from the gusset connected model 
were found to be nearly identical to those from the truss and frame model, axial forces 
were found to differ from the truss and frame models by less than 1%.   
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Table 7.9 Axial forces (lbs) in the truss members measured during John Deere 410E 
loader Case 2, and calculated by computer models having pinned (truss), rigid (frame), 
and gusset type connections. 
Member Load 2 Truss  Frame Gusset 
L0-U0 -8627 -8058 -8056 -8056 
L1-U0 21108 8058 8032 8031 
L1-U1 2662 0 9.95 3.36 
L1-L2 10026 12890 12880 12870 
L1-U2 -101 0 5.512 20 
U1-U2 -14966 -12890 -12880 -12889 
 
 Based on these results it was concluded that there would be no need to create a 
gusset plate model for each load test.  Values of axial force from the gusset model were 
nearly identical to those from the truss and frame models, and values of deflection were 
better predicted by the truss and frame models, as shown through modeling of the 2008 
load tests. 
 
7.1.5 Discussion 
 
 
The results found through the truss and the frame analyses of the Stadium Bridge 
were found to be nearly the same, with only minor differences in axial force and 
deflection.  The subsequent discussion will examine why results from the truss and frame 
models were similar, and quantitatively compare values of member axial force and truss 
deflection from computer analysis to values measured during load testing.   
 
 
7.1.5.1 Axial Force: John Deere 410E Bucket Loader 
 
 
Axial forces were found to differ very little between the truss and frame computer 
models for the 410E bucker loader tests, with member forces differing less than one 
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percent; the largest percent difference being 0.36% for member L1-U0.  The sections on 
the Stadium Bridge have a much less bending stiffness than axial stiffness. Since force 
follows stiffness, significant bending moments did not develop in the members, and the 
bridge behaved truss-like regardless of the connectivity between members.  Due to the 
difference in axial forces for the two models being small, only results from the truss 
models will be included in the following discussion.   
Values of member axial force determined through computer modeling were 
compared to values calculated from the strain readings taken during load testing.  Figure 
7.1 displays values of member axial force (in lbs) measured during load Case 2 with the 
bucket loader (bucket loader center of gravity in the center of the bridge) and those 
determined in the pin-roller truss model for the same load test.  Figure 7.2 contains 
influence lines of member axial force per location of the loader on the bridge; it includes 
forces determined from the strains measured during the moving load test (load Case 3, 
Case 4, and Case 5) and those determined through computer modeling of the loads.   
 
Figure 7.1 Forces measured on the bridge (lbs) for load Case 2 of the John Deere 410E 
loader tests, and those predicted from the pin-roller truss analysis of the load case. 
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For the top chord member L0-U0, axial forces from the computer models matched 
closely to the actual forces measured in the member.  The influence lines in Figure 7.2 for 
L0-U0 have the same shape and similar magnitudes, having the greatest difference from 
measured axial force when the loader was at location L1, with a difference of 9.7%.  The 
top chord member U1-U2 was instrumented with two strain gages, which recorded 
different values of strain during testing.  Rather than average these strains, the strain at 
the neutral axis was used to calculate axial force in the member.   The strain at the neutral 
axis was determined using strain values from gages G8 and G9 and assuming linear 
strains throughout the cross section.  Computer results matched well with the measured 
forces for the top chord member U1-U2.  The influence lines for this member follow a 
similar pattern of decreasing force as the loader moves further down the bridge, and the 
maximum percent difference between calculated and measured forces was found to be 
12.1% for the loader at location 2.  
The forces measured in the outer diagonal L1-U0 were found to be significantly 
higher than those determined from truss analysis.  When the loader was positioned on the 
bridge at L1 and C, the forces measured in this member were 2.7 times greater than those 
from the truss model, and at L2 the forces were 2.6 times greater.  Despite this large 
difference in force, the shapes of the influence lines were found to be similar for the 
measured and calculated forces.  It should be noted that the forces measured in L1-U0 
during load testing were greater than any other load measured on the bridge by at least 
6000 lbs.  
Truss analysis results for the inner diagonal member L1-U2 were found to match 
the measured axial forces in terms of sign, however the magnitudes of force were found 
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to be different.  As can be seen from the influence lines in Figure 7.2, when the loader 
was positioned at L1 the member is subject to axial tension, at C it is a zero force 
member, and at L2 it is under axial compression.  Despite agreeing in sign, the 
magnitudes of the loads predicted by the computer model were different by 59% for the 
loader at L1, and 60.9%, for the loader at L2. 
 
 
Figure 7.2 Influence lines comparing measured axial force (dashed lines) to axial force 
determined through computer modeling (solid lines). Location of the load refers to 
location of the loader‟s center of gravity: joint L1, the bridge center (C), and joint L2. 
 
 The bottom chord member L1-L2 was instrumented with three strain gages, two 
placed near mid-span, and one placed 12 inches from the gusset plate.  The average value 
of strain from these three gages was used to determine member axial force.  Influence 
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lines for the axial force in L1-L2 per location of the 410E loader are plotted in Figure 7.3.  
Again, it was found that the influence lines for the calculated and measured forces were 
similar in shape, but different in magnitude.  Unlike the other members examined, where 
axial forces from the truss analysis tended to be lower than strain gage forces, the truss 
analysis for L1-L2 was found to overestimate axial force.  Member forces from the truss 
analysis were greater than the forces measured in the bottom chord, by 22% with the 
loader at L1, 30.2% with the loader at C, and 46.6% for the loader at L2.   
 
 
Figure 7.3 Influence lines of axial force measured in the field and determined through 
computer modeling for the bottom chord member L1-L2 of the stadium bridge. 
 
 Truss analysis showed the vertical member L1-U1 to be a zero force member 
regardless of the loading on the bridge, this was not observed in the load testing.  
Influence lines for the truss model and measured forces are plotted in Figure 7.4.  When 
the frame model was used there was a small force in this member, but it was found to be 
less than 1% the magnitude of the measured force, see Table 7.5 for the frame model 
results.  Despite this, the frame model found this force to decrease linearly as the loader 
was moved along the bridge.  Similar to the observed behavior, the force with the loader 
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at C was about 50% of the force with the loader at L1, and with loader at L2 it was nearly 
zero.  More discussion of the forces measured in L1-U1 can be found in section 6.4.  
 
Figure 7.4 Influence lines for axial force vertical member L1-U1 measured during load 
testing (dashed line) and determined through the truss model (solid line).  
 
Overall, the axial forces from the truss models and those measured during load 
testing were found to agree in terms of sign, as the loader was moved across the bridge, 
but differ in magnitude.  The influence line diagrams for calculated and measured force 
were generally found to be similar in shape for most members, excluding L1-U1.  
Regardless, the magnitudes of the axial forces measured were found to differ from those 
calculated in the computer models.  This difference was observed to be greater in the 
diagonal and vertical members than in the top and bottom chord members.  For example, 
in L1-U1, the measured forces were found to be 2.6 times greater than the predicted 
loads, while in top chord members like L0-U0 the forces were found to differ by less than 
10%.  
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7.1.5.2 Axial Force: Jeep  
 
 
 Computer models were also used to re-create the load tests conducted with the 
Jeep.  Again, there was little difference between values of axial force determined through 
the truss models and the frame models (less than 1% for all members), therefore only 
values of axial forces from the truss models will be used for comparison.  Values of 
member axial force determined from the truss models and those measured in load testing 
are listed in Table 7.10, along with percent difference between the two forces for each 
loading with the Jeep.  Loads correspond to the tests conducted on 7/20/2009 described in 
section 6.3.1. 
 
Table 7.10 Values of axial force (lbs) for each truss member determined through truss 
analysis, and measured during load testing. 
 
Load 1 Load 2 Load 3 
Member Model Test 
% 
Diff Model Test 
% 
Diff Model Test 
% 
Diff 
L0-U0 -1869 -1545 -21 -1533 -1326 -16 -766.7 -644 -19 
L1-U0 1869 5466 66 1533 3875 60 766.7 2857 73 
L1-U1 0 994 - 0 810 - 0 444 - 
L1-L2 2645 2566 -3 1840 1964 6 1840 1467 -25 
L1-U2 431.1 769 44 766.7 2219 65 -766.7 -2029 62 
U1-U2 -2990 -3506 15 -2453 -3458 29 -1227 -1084 -13 
 
  
As was observed with the 410E load test models, forces measured in the outer 
diagonal L1-U1 were significantly higher than those estimated by the truss models.  For 
example, the measured force in this member for load 3 was 3.7 times greater than the 
force determined with the truss model.  For member L1-U2 the truss models were 
different in magnitude from the measured forces by as much as 65%.  Measured forces on 
the top chord member L0-U0 were closer to values from the truss model, with a 
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maximum percent difference of 21% for load 1.  The truss models were found to match 
closely with the forces measured in the bottom chord L1-L2 for loads 1 and 2, with 
percent differences under 10%, although there was a 25% difference for load 3.  Finally, 
a significant load was measured in the vertical member L1-U1, while the truss analysis 
found this to be a zero force member. 
 Overall, it was found that the axial forces determined in the truss models agreed 
in sign, but not magnitude to the measured forces.  For the Jeep load tests some of this 
difference can be attributed to the fact that the total weight used in modeling was found 
from online specifications, and not measured prior to testing.  The error associated with 
the forces in the bottom and top chords tended to be less, a characteristic observed in the 
modeling of the bucket loader tests as well. 
 
 
7.1.5.3 Bottom Chord Deflections 
 
 
Deflection results from the frame and truss models were nearly identical, except 
for those at mid-span.  While the deflections at L1 and L2 for the truss and frame models 
were found to have only 0.14% difference, the deflections at mid-span differed by 13%.  
In the truss model no members were subject to any bending moments, thus there would 
only be axial deformations, and the deflection at mid-span would simply be the average 
of those at nodes L1 and L2.  This was not the case for the frame models, as members 
were capable of carrying moments, mid-span deflections included some effects from 
bending.  In some models, particularly when L1 and L2 were loaded equally, the 
deflections at mid-span were found to be greater than those at L1 and L2.  In the 
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following discussion deflections calculated from both the truss and frame models will be 
compared to deflections measured during load testing.  
 
 
7.1.5.4 Deflections: John Deere 410E Bucket Loader 
 
 
 Deflections measured during the 410E load tests are listed in Table 6.6, 
deflections calculated from the computer models of the 410E load tests are listed in Table 
7.6.  Measured deflections on the bottom chord were compared to the deflections 
determined by the computer models.  Values of percent difference between measured and 
calculated deflections are listed in Table 7.11 for each load with the 410E loader. 
 
Table 7.11 Percent difference between deflections measured and determined through 
modeling for each load with the John Deere 410E loader. 
Location Load Case # 
Truss 1 2 3 4 5 
L1 8.9 8.6 16.8 10.1 1.0 
C -1.7 3.3 6.9 3.3 5.3 
L2 4.6 12.4 11.7 15.0 14.3 
Frame 1 2 3 4 5 
L1 9.1 8.8 16.9 10.2 1.1 
C -15.0 -9.4 -5.3 -9.4 -7.2 
L2 4.7 12.5 11.7 15.1 14.4 
 
  
The deflections at L1 and L2 were very similar for the truss and frame models, as 
previously mentioned, and the difference of these results with respect to the measured 
deflections were also similar, as shown in Table 7.11.  Despite this, the mid-span 
deflections from the truss models were closer to the measured values than those from the 
frame models.  In load Case 2 and Case 4, when the loader was positioned at the same 
location on the bridge, the percent difference from actual deflections was only 3.3% for 
the truss models, but for the frame model it was 9.4%.  Overall, the computer models 
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were found to be adequate in estimating deflections, with percent differences from 
measured less than 10% on average. 
 
7.1.5.5 Deflections: Jeep  
 
 
 Deflections measured during the Jeep load tests are listed in Table 6.3, and those 
determined from the truss and frame computer models are listed in Table 7.4.  The weight 
of the Jeep is approximately one-fifth that of the 410E loader, therefore the model 
deflections and measured deflections for the Jeep were less than those of the loader 
approximately by a factor of five. Values of percent difference between measured and 
calculated deflections for each load with the Jeep are listed in Table 7.12.   
 
Table 7.12 Percent difference between measured deflections and deflections determined 
through modeling for each Jeep load. 
Location Load # 
Truss 1 2 3 
L1 19.2 -1.5 12.5 
C 18.1 -10.8 21.8 
L2 22.7 -3.4 25.1 
Frame 1 2 3 
L1 19.3 -1.3 12.6 
C 7.3 -25.3 11.5 
L2 22.8 -3.3 25.2 
 
  
Again, since the deflections at L1 and L2 for the truss and frame models are so 
similar the percent differences for these deflections with respect to measured deflections 
were nearly the same, as shown in Table 7.12.  For the 410E loads, it was found that the 
mid-span deflections were predicted best by the truss model; this was not the case for the 
Jeep loads, as the values of percent difference for this value varied for each model.  Also, 
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the differences between measured and calculated deflections were found to be larger for 
the Jeep loads.  Although some deflections were predicted very well by the models, such 
as the deflection at L1 for load 2, others were not, such as the deflection at L2 for load 3.  
 Overall, the computer models were able to provide a good estimate of truss 
deflection for each of the load tests.  Results from the computer models of the 410E load 
tests were, on average, within a 10% difference of the measured deflections.   Models of 
the Jeep load tests were less accurate, but most results still fell within a 20% difference of 
the measured deflection.  It is possible that some of the error with the Jeep load models 
can be associated with the fact that the weight used in modeling was a value found from 
online specifications, since the Jeep was not weighed prior to testing.   
   
 
7.1.6 Conclusions 
 
 
Values of member axial force and deflection measured during load testing were 
compared to values calculated from computer models of the load tests.  For each load test 
a pinned and rigid connected model was run, but it was found that member connectivity 
had little influence on results.  The influence lines of measured axial forces for most 
bridge members matched those of the computer analysis in shape, but not magnitude.   
Upon reviewing the results of the computer analysis, it was observed that 
computer models provided better estimates of deflection than member axial force.  This 
may be due to greater difficulty in measuring axial force than deflection, which could be 
attributed to the complicated behavior of the built-up sections found on the Stadium 
Bridge.  Different strains were recorded by the gages on the two members containing 
more than one gage (U1-U2 and L1-L2), indicating that the built up sections behaved 
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somewhat differently than the simple line elements they were modeled as.  Additionally, 
computer models were found to be more accurate in estimating forces in the top and 
bottom chords than in the diagonals and vertical member.  These members had been 
instrumented with multiple gages, and since strains from these gages were used to 
determine axial force, it possibly reduced the amount of error.  
Deflections determined from the computer models were examined as well.  
Results from the frame and truss models were very similar for deflections at nodes L1 
and L2, however there was a 13% difference for mid-span deflections.  For the 410E load 
tests, computer models were quite accurate, with most deflections falling within a 15% 
difference from those measured.  It was also found that mid-span deflections from the 
truss models were more accurate than those from the frame models for the 410E loader.  
Computer models were found to be less accurate for the Jeep load tests, although some of 
this error may be attributed to the estimate of the Jeep weight used in the models.  
Overall, it can be said that the computer models were able to provide a good estimation 
of deflection and member axial force given the assumptions and simplifications made in 
modeling each of the load tests. 
  
 
7.2 3-D Models 
 
 
 A 3-D model of the stadium bridge was created to examine any bridge behavior 
that could not be simulated in the 2-D models.  The 3-D model included both trusses of 
the Stadium Bridge and the deck system.  The deck system consists of wooden planks 
spanning the width of the deck supported by 5 stringers of steel S-shapes, which are 
continuous along the entire length of the bridge.  The bottom flanges of the stringers are 
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welded to the top flanges of the deck beams; these beams span the two trusses at L0, L1, 
L2, and L3.  Values of axial force and truss deflection from the 3-D models were 
compared to the measured values and those from the 2-D models.   
 
7.2.1 Model Assumptions and Loading 
 
 
The different components of the Stadium Bridge‟s decking system were modeled 
using line elements, as was done for the truss members in the 2-D models.  The deck 
surface of the stadium bridge consists of 2.5 inch by 8 inch wooden timbers spanning the 
stringers.  These planks have little stiffness compared to the other decking members, are 
not continuous across the length of the bridge, and would not contribute to the overall 
stiffness of the system, thus they were not included in the model.  All deck beams and 
stringers were included in the model (note the deck beams at L0 and L3 were included, 
although they frame into the truss directly over the supports).  The cross sectional 
dimensions of the stringers were measured and found to be very close to those of an 
S4x7.7; the exact section used for these members is not known, but since these stringers 
are replacement members and the dimensions match nearly perfectly an S4x7.7 it is 
highly likely this was the section used.  A moment of inertia of 6.05 in
4
 and an area of 
2.26 in
2
, for an S4x7.7, were used in the model for the stringers.  The deck beams were 
also measured, and it was found that the dimensions matched those of a W10x19; thus a 
moment of inertia of 96.3 in
4
 and an area of 5.62 in
2
, for a W10x19, were applied to the 
model for these members.  Only a pin-roller support condition was applied to the trusses, 
since the 2-D models showed that this was a better approximation of the support 
conditions than a pin-pin.  
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Due to the geometry of the deck system, it was not possible to run the 3-D model 
as a truss.  The deck beams and stringers would not provide any lateral bracing to the 
bridge trusses if they were connected as pins, and MASTAN would find the structure 
unstable.  In MASTAN this could be fixed two ways.  First, each individual member‟s 
connectivity could be defined, and the connection between the deck beams and trusses 
could be kept rigid, or the entire structure could be run in a frame analysis with all 
connections rigid.  Since, only a small difference was observed in results between the 2-D 
truss and frame models, it was decided to run the 3-D model as a frame.   
 The overall width of the 410E loader is 86.4 inches, from tire edge to tired edge.  
The standard rear tires for an 410E are 16.9-24 8PR, which have a width of 16.9 inches, 
this would give the 410E loader a width of 69.5 inches from centerline to centerline of 
each tire (Ritchiespecs.com).  The five stringers of the deck system are each 33 inches 
apart, with the center stringer located along the centerline of the bridge deck and the 
outermost stringers 15 inches from the centerlines of the trusses.  The loader was 
positioned in the center of the bridge in each load, so it was decided that the load from 
the 410E loader would be applied entirely on the second and fourth stringers since the 
tires were almost completely positioned over these two stringers.  Figure 7.5 provides a 
section view of the bridge deck showing the location of the loader‟s wheelbase relative to 
the stringers.  
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Figure 7.5 Cross section of stadium bridge, showing deck beams, stringers, and location 
of John Deere 410E loader wheelbase. 
 
Loads from the 410E would be applied directly to the stringers; to do this the 
stringers would have to be divided into smaller elements so that the forces from each tire 
could be applied to nodes.  The loaded stringer elements between L1 and L2 were each 
divided into three members of 29.1, 82.7, and 48.3 inches, so that the loads could be 
applied to the new nodes created, this loading is shown in Figure 7.6.  Individual front 
wheel loads were 3898 lbs, and rear wheel loads were 5802 lbs. 
 
 
Figure 7.6 Section of the 3-D model displaying the loading on the stringers for load 2, 
with the John Deere 410E loader. Truss members are drawn in darker line weights. 
113 
 
 
7.2.2 Discussion 
 
 
 The 3-D model was run using the loads from load Case 2 of the 410E loader load 
test.  Values of member axial force determined with the 3-D model of the stadium bridge 
are listed in Table 7.13, along with the corresponding values measured from the load test 
and from the 2-D truss model.  Values of bottom chord deflection for the 3-D model, load 
test, and 2-D model are listed in Table 7.14.  
 
Table 7.13 Values of member axial force (lbs) for load Case 2 of the John Deere 410E 
loader tests, calculated from the 2-D model, the 3-D model, and measured during load 
testing. 
Member  Gages  
Axial Force (lbs) 
Load Test 
Axial Force (lbs) 
2-D Model 
Axial Force (lbs) 
3-D Model 
L0-U0 G1 -8627 -8058 -8912 
L1-U0 G2 21108 8058 8876 
L1-U1 G3 2662 0 18.97 
L1-L2 G4, G5, G6 10026 12890 10060 
L1-U2 G7 -101 0 17.27 
U1-U2 G8, G9, G10 -14966 -12890 -14240 
 
  
Table 7.14 Values of bottom chord deflection (in) for load Case 2 of the John Deere 
410E loader tests, calculated from the 2-D model, the 3-D model and measured during 
load testing. 
Location Load Test 2-D Model 3-D Model 
L1 -0.153 -0.1396 -0.1302 
C -0.1445 -0.1581 -0.1477 
L2 -0.1595 -0.1396 -0.1301 
 
 
The axial forces determined with the 3-D model were found to differ somewhat 
from those determined with the 2-D model.  For members L0-U0, L1- U1, and U1-U2 
axial forces were found to increase by 10% from the 2-D model, while the axial force for 
member L1-L2 decreased by 28% difference from the 2-D model.  
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Compared to measured values the 3-D model was more accurate than the 2-D 
model.  There was a 3.3% difference from the measured load in L0-U0, a 0.3% difference 
in L1-L2, and a 4.8% difference in U1-U2.  For the 2-D model the percent difference was 
6.6% for L0-U0, 28.6% for L1-L2, and 13.9% for U1-U2.  Despite this, there was still a 
60% difference from the measured load in L1-U0, as well as a significant difference in 
the vertical member L1-U1 with the force only amounting to less than 1% of the force 
measured. 
The 3-D model of load 2 was found to be very accurate in predicting the axial 
force in the bottom chord member L1-L2.  Furthermore, the force for this member in 3-D 
model was found to be 28% less than the force determined in the 2-D model.  Upon 
examination of the axial forces in the stringers, it was found that the outside stringers 
carried a significant tensile load.  The outside stringer spanning panel points L1 to L2 had 
an axial tensile force of 4529 lbs, which was 45% the magnitude of the force in the 
adjacent bottom chord member L1-L2.  The stringers spanning from L0 to L1, and L2 to 
L3 each carried a tensile force of 2981 lbs, which amounted to 68% of the force in the 
adjacent bottom chord members.  No other stringers, aside from the outer most stringers, 
were found to carry any significant tensile load.  The model shows the outer most stringer 
essentially acts as part of the bottom chord, and carries a significant portion of the tensile 
load.  Similar behavior was observed by Bakht and Jaeger (1990) who found, through 
load testing a truss bridge, the deck stringers to carry a significant portion of the bottom 
chord tensile load.  The bottom flanges of the stringers on the Stadium Bridge are welded 
to the tops of the deck beams, and as these members are continuous along the entire 
length of the bridge this behavior is possible.  Furthermore, since the forces from the 3-D 
115 
 
models in L1-L2 match so closely to the measured values, there is strong reason to 
believe that this behavior was occurring during the load tests.  
Bottom chord deflections calculated from the 3-D model were found to only differ 
by 7% from those in the 2-D model.  For location L1, deflections from the 3-D model 
were found to differ by 14.9% from those measured, for location C deflection differed by 
2.2%, and deflections differed by 18.4% for L2.  Aside from the deflection at C, the 
deflections from the 3-D analysis were not closer to the measured values than those from 
the 2-D analysis; for the 2-D model deflections differed by 8.8% for L1, 9.4%, for C, and 
12.5% for L2.   
The five stringers are continuous members that span the entire length of the 
bridge from support to support.  Bakht and Jaeger (1990) suggest that in some truss 
bridges, with relatively short spans, it is possible for the deck system to take a portion of 
the load if it spans the truss supports.  One example they cite, where the floor system of a 
bridge was able to take 8% of the total bridge load as it had a significant overall stiffness 
with respect to the trusses.  This was considered for the stadium bridge, since the 
stringers span the supports, and the bridge has a relatively short span of 40 feet.  The 
stiffness of each truss was estimated by applying a 0.5 lb load to joints L1 and L2 in the 
2-D pin-roller truss model and measuring mid-span deflection.  Using the basic equation 
F = Ku, a stiffness of 69.2 kip/in was determined for each truss, multiplying this value by 
2 the total combined stiffness of the trusses was found to be 138.4 kip/in.  The stiffness of 
each stringer was estimated as that of a simply supported beam using the following 
equation:  
𝑘 =
48𝐸𝐼
𝑙3
     Eq-2 
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Where E is equal to 29000 ksi for steel, I equals 6.02 in
4
, and l equals the total length of 
the stringers, 40 feet.  The stiffness of each individual stringer was estimated to be 0.07 
kip/in and the total stiffness of all five stringers was 0.38 kip/in.  The stiffness of the five 
stringers was less than 1% of the two trusses; therefore nearly all of the load should be 
carried by the trusses. 
The loads carried by the deck system were examined in the 3-D model for load 
Case 2 with the 410E bucket loader.   The shear forces in the deck beams at L0 and L3 
were found to be 484 and 524 lbs respectively, while the shears at L1 and L2 were found 
to be -5360 and -5319 lbs.  The negative shears at L1 and L2 indicated a positive reaction 
on the deck beams at these nodes, as was expected since the load from the deck beams 
should be acting in the direction of gravity.  The positive shears at L0 and L3, which 
indicated a negative reactive force at those nodes, were not expected but can be 
explained.  The stringers can be analyzed as a continuous beam supported by pins at each 
deck beam location and loaded in the center span (as it was in the model).  Under this 
loading the two ends of the beam would deflect upwards, resulting in a negative reaction 
on the outer supports, just as what was observed in the model.  When checked, the sum of 
the shears at L0, L1, L2, and L3 is 9671, half the total load applied to the model. 
 
 
7.2.3 Conclusions 
 
 
 Member axial forces and truss deflections did not change substantially from the 
2-D to the 3-D models, with the exception of those in member L1-L2 which was found to 
decrease by 28%.  Despite this, the values of axial force calculated from the 3-D models 
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were found to be closer than those from the 2-D models, particularly for the top and 
bottom chord members.  In the 3-D model it was found that the outermost stringers of the 
deck system carried a significant tensile force, and essentially acted as part of the bottom 
chord.  The forces found in the 3-D model for this member are very close to the measured 
forces, and since the stringers are welded to the deck beams it is possible this behavior 
occurred in the actual bridge.   Finally, it was found that the stiffness of the deck system 
was substantially less than that of the trusses of the bridge, and that nearly all of the load 
would be taken by the trusses, despite the fact that the stringers spanned the bridge‟s 
supports and the bridge‟s short span length.   
 
7.3 Temperature Loads 
 
 Strains were measured on the Stadium Bridge throughout the course of an entire 
day to examine the effects of temperature change.  Readings of gage temperature and 
strain were recorded for each strain gage on August 14
th
 2009 from 7:00 am to 7:00 pm; 
truss deflections were not measured.  Temperature changes were modeled in ADINA and 
stress and strains from the models were compared to values measured on the bridge.  
 
7.3.1 Results 
 
 Strain readings were taken over the course of 12 hours on August 14
th
 2009, the 
first readings were taken at 7:00 am and the final readings were taken at 7:00 pm.  Strain 
and temperature readings from the gages were recorded hourly, except from 9:00 am to 
1:00 pm, when readings were taken every half hour; this was done since the ambient 
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temperature increased the fastest during this time.  Weather conditions and ambient 
temperature were also recorded for each set of readings; ambient temperatures were 
provided by the UMass weather station, located on campus roughly one mile from the 
bridge site (UMass Amherst Computer Science Weather Station).  Ambient temperature, 
weather conditions, raw strain readings, and temperature readings for gages G1 through 
G3 are listed in Table 7.15, the same values for gages G4 through G7 are listed in Table 
7.16, and values for gages G8 through G10 are listed in Table 7.17. 
 
 
Table 7.15. Raw strain readings and temperature recorded for gages G1-G3, as well as 
ambient temperature and weather conditions. 
Time Conditions 
Temp* 
(°F) 
G1 G2 G3 
με 
 Temp 
(°C) με 
 Temp 
(°C) με 
 Temp 
(°C) 
7:00 AM fog 16.3 1347.2 16.6 3269.1 16.6 1243.6 16.6 
8:00 AM fog/sun 16.8 1353.3 17.9 3272.4 17.8 1243.9 18.3 
9:00 AM cloudy 17.9 1363.1 20.2 3273.5 19.9 1245.7 20.3 
9:30 AM cloudy 19.1 1377.1 22.4 3270.7 21.8 1244.7 21.7 
10:00 AM sunny 20.6 1409.2 26.8 3260.9 26.7 1225.7 29.9 
10:30 AM sunny 21.6 1422.7 31.0 3256.1 29.4 1213.2 35.9 
11:00 AM sunny 23.4 1439.5 32.6 3272.2 29.1 1215.4 36.9 
11:30 AM sunny 24.4 1434.0 35.4 3281.5 29.4 1243.9 32.1 
12:00 PM sunny 25.8 1431.4 37.4 3264.1 29.5 1246.7 30.7 
12:30 PM sunny 26.3 1431.5 38.8 3268.2 29.6 1245.3 31.0 
1:00 PM sunny 27.4 1446.1 37.7 3266.3 30.1 1254.9 30.3 
2:00 PM sunny 29.1 1431.9 39.0 3282.6 32.0 1262.5 34.9 
3:00 PM sunny 30.4 1411.0 38.4 3306.5 34.6 1278.4 34.9 
4:00 PM sunny 30.8 1417.0 36.0 3308.0 34.9 1295.9 34.0 
5:00 PM sunny 30.2 1400.2 35.8 3322.1 35.6 1278.8 35.0 
6:00 PM sunny 29.8 1386.4 32.1 3312.2 34.4 1256.8 31.8 
7:00 PM sunny 29.9 1345.5 26.4 3259.6 25.7 1245.0 26.0 
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Table 7.16. Raw strain readings and temperature recorded for gages G4-G7 
Time 
G4 G5 G6 G7 
με 
 Temp 
(°C) με 
 Temp 
(°C) με 
 Temp 
(°C) με 
 Temp 
(°C) 
7:00 AM 3318.4 16.8 3490.3 17.0 4181.9 16.8 3150.2 16.6 
8:00 AM 3316.8 17.5 3487.3 17.9 4180.0 17.5 3155.7 18.1 
9:00 AM 3309.7 18.8 3479.1 19.1 4169.5 18.9 3157.5 20.1 
9:30 AM 3303.5 20.0 3474.6 20.2 4162.0 20.0 3158.7 21.5 
10:00 AM 3310.8 23.8 3487.8 23.3 4152.5 23.1 3181.1 27.6 
10:30 AM 3280.9 25.7 3492.4 26.0 4145.8 26.5 3212.1 30.1 
11:00 AM 3258.2 26.2 3482.4 27.3 4146.4 27.8 3217.1 30.5 
11:30 AM 3278.7 27.0 3475.1 28.2 4153.4 28.3 3223.0 30.8 
12:00 PM 3303.4 28.4 3455.1 29.2 4150.7 29.5 3204.7 30.5 
12:30 PM 3301.4 28.2 3447.7 29.5 4138.8 28.6 3188.6 30.5 
1:00 PM 3310.9 28.8 3447.9 30.4 4150.1 28.4 3164.3 30.3 
2:00 PM 3302.4 29.1 3442.7 29.8 4149.9 29.4 3187.2 32.8 
3:00 PM 3322.3 31.7 3453.4 32.0 4147.5 31.3 3209.0 35.7 
4:00 PM 3337.4 30.1 3430.3 33.0 4178.3 30.0 3189.0 35.3 
5:00 PM 3316.1 29.1 3447.2 29.2 4155.5 28.7 3196.5 35.8 
6:00 PM 3315.3 27.3 3465.7 27.1 4155.1 27.0 3168.0 32.5 
7:00 PM 3318.6 24.1 3477.9 23.9 4164.9 23.7 3148.2 25.6 
 
 
 
Table 7.17. Raw strain readings and temperature recorded for gages G8-G10. 
Time 
G8 G9 G10 
με 
 Temp 
(°C) με 
 Temp 
(°C) με 
 Temp 
(°C) 
7:00 AM 2585.6 16.7 3593.8 16.7 3328.2 16.3 
8:00 AM 2591.0 18.0 3601.7 18.2 3334.6 17.8 
9:00 AM 2594.9 19.9 3604.3 19.8 3346.9 19.7 
9:30 AM 2604.8 21.2 3612.1 21.4 3353.4 21.2 
10:00 AM 2630.7 26.2 3653.7 25.5 3370.3 25.7 
10:30 AM 2637.1 30.9 3669.7 29.5 3393.3 29.4 
11:00 AM 2658.7 31.7 3673.2 31.4 3412.9 29.9 
11:30 AM 2643.6 35.2 3671.5 33.8 3393.1 33.9 
12:00 PM 2632.8 39.2 3673.6 36.7 3389.1 36.4 
12:30 PM 2632.5 40.3 3664.7 38.5 3389.8 36.6 
1:00 PM 2650.2 37.3 3659.5 37.3 3399.1 34.9 
2:00 PM 2618.1 42.3 3657.5 40.3 3377.8 38.5 
3:00 PM 2649.9 40.5 3650.4 40.8 3389.7 37.6 
4:00 PM 2644.9 38.4 3628.8 39.7 3392.0 35.4 
5:00 PM 2631.3 37.4 3609.7 38.7 3375.6 34.9 
6:00 PM 2602.1 32.9 3580.2 34.1 3334.4 30.5 
7:00 PM 2580.1 26.4 3581.1 26.6 3317.6 25.6 
 
 
 The strain gages installed on the Stadium Bridge, Geokon Vibrating Wire Model 
4000, measure the change in strain between the gage‟s wire and the material to which it is 
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attached, but will only measure strains induced from stress.  For example, if a strain gage 
were attached to a steel bar that was free to expand or contract, the gage would not record 
any change in strain regardless of the temperature change.  The Geokon Model 4000 
technical manual uses the following example to explain this: 
 
“… while the member is restrained from expansion, the vibrating wire is 
not restrained and the expansion of the wire would cause a reduction in 
wired tension and a resulting decrease in the vibrational frequency.  This 
would be indicated by a decrease in strain reading on the readout box, 
corresponding to an apparent increase in the compressive stress, which is, 
mirabile dictu, exactly equal to the temperature-inducted increase in 
compressive stress in the member.” (Geokon 2004) 
 
If the temperature of the gage equals that of the member, the member and the wire 
will undergo the same temperature induced strain, thus if the member were completely 
free the gage would not read any change in strain.  Conversely, if the bar were restrained 
then the gage would read the amount of strain corresponding to the stress that has 
occurred in the member resulting from thermal expansion.  Geokon suggests that strain 
gages be shielded from direct sunlight, as it may increase the temperature of the gage‟s 
wire and cause significant changes in the strain readings that are not representative of 
actual stress.  This was taken into account when the strain gages were installed on the 
Stadium Bridge, as gages were placed on the bottom sides of members, to protect them 
from sunlight and weather elements. 
In order to verify the assertion by Geokon that the Model 4000 vibrating wire 
strain gages only measure stress induced strains, a simple experiment was set up using 
one of the gages.  The gage was attached, by arc welding its end blocks, to a 20 inch long 
0.25 inch thick steel bar.  Strain and temperature readings were taken at room 
temperature, then the gage and bar where placed in a „cold chamber‟, held at a constant 
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10 
o
C.   The bar was left in the chamber for approximately 20 minutes before a second 
reading was taken.  Outside of the chamber the readout box recorded a strain reading of 
3317.9 με and a gage temperature of 21.5 oC; in the cold chamber the strain was 3330.4 
με with a gage temperature of 9.9 oC.  The total change in gage strain for a temperature 
change of 11.6 
oC was 7.8 με.  The expected thermal strain for this temperature change, 
using a coefficient of thermal expansion of 1.2x10
-5
 /
o
C (for steel), was determined to be 
139.2 με.  Since the measured change in strain was only 5.6% of the expected value, and 
the small change in strain could easily be attributed to measurement error, thus the gage 
essentially had a zero strain reading, demonstrating that the strain gages do not directly 
measure temperature induced strains. 
 
7.3.2 Discussion 
 
 Change in strain for each gage was examined with temperature change over the 
course of the day.  To determine change in strain from the raw readings, each gage‟s 7:00 
am strain reading was subtracted from the reading for each time; therefore the initial 
change in strain at 7:00 am was zero for all gages.  Values of change in strain were 
plotted against time. 
 Change in strain and temperature for the top chord gages G8, G9, and G10 are 
plotted against time in Figure 7.7.  Temperatures measured from the top chord gages 
were found to be quite similar, only differing from each other by a maximum of 10% 
throughout the day.  From Figure 7.7 it can be seen that values of strain were similar for 
gages G8 and G10, both of which were located on the plate of the top chord member U1-
U2, although on different trusses.  Values of strain in gage G9 were found to differ from 
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those of gages G8 and G10, especially in the late afternoon when strains differed up to 
60%.  Strains for all of the top chord gages reached a maximum between 11:00 am and 
12:00 pm, approximately three hours before the maximum temperatures were recorded in 
these gages.   
All strains in the top chord were found to be tensile, which was unexpected as the 
top chord was found to be in compression during the loads tests.  Furthermore, the 
magnitude of the maximum strains from the temperature loads were not substantially less 
than those observed during load testing.  The largest strains measured in U1-U2 were for 
load 4 with the 410E bucket loader; the measured strains were 117με for gage G8, 78 με 
for G9, and 111 με for G10; the largest strains recorded from temperature loads were only 
30% less than these in magnitude. 
 
Figure 7.7. Strain and temperature readings verse time for the top chord gages G8, G9, 
and G10. 
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 Change in strain and gage temperature for the bottom chord gages G4, G5, and 
G6 are plotted with time in Figure 7.8.  Values of temperature for the bottom chord gages 
were found to be similar throughout the day, although strains were not.  Unlike the top 
chord gages, where the maximum strain for each gage occurred at the same time, 
maximum and minimum strains in the bottom chord gages occurred at different times.  
Although the bottom chord was always found to be in tension during load testing, strains 
measured from temperature loads were found to be compressive strains.  The 
compressive stress measured in the bottom chord indicates that the bridge must have 
some restraint preventing its lateral expansion.  Computer models of load tests have 
shown that a pin-roller support conditions provides results closer to measured values than 
a pin-pin model, however the strains measured in the bottom chord from temperature 
change seem to indicate otherwise.   
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Figure 7.8. Values of strain and temperature verse time for the bottom chord gages G4, 
G5, and G6. 
 
 Values of strain and temperature for the gages located on the vertical and diagonal 
members are plotted with time in Figure 7.9.  Although the gages were located on three 
different structural elements, temperatures were still found to be consistent with each 
other over time.  A spike in temperature was observed for gage G3 from 10:00 am to 
12:00 pm, however it was most likely due to this gage being exposed to direct sunlight 
for that time period (gage G3 was on the vertical member and could not be protected 
from direct sunlight by being placed underneath the member).  Strains measured for the 
diagonal and vertical members tended to be tensile, although gages G2 and G3 did record 
compressive strains for a short period in the morning.    
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Figure 7.9. Values of strain and temperature verse time, for gages G2, G3, and G7. 
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observed until 10:00 am when the skies cleared; it‟s possible that the jump in strains and 
gage temperatures is a result of direct sunlight on the bridge after that time.  This is 
supported by a significant difference between strain gage temperatures and the ambient 
temperature reported by the UMass weather station.  Temperature verses time is plotted 
for temperature measured the UMass weather station, and by gages G9, G6, and G7 in 
Figure 7.10.  Temperatures recorded from the strain gages were generally found to be 
greater than the ambient temperatures, especially in the top chord gages, suggesting that 
the sunlight heated the bridge to higher temperatures.  It is possible that some of the 
unexpected strain readings may have been caused by the bridge members exposed to 
direct sunlight heating up faster than others that were shaded.   
Overall, the effects of temperature change on the stadium bridge were observed to 
be more complex than anticipated.  Strains were not found to change in a uniform manner 
throughout the day, and certain factors such as direct sunlight, may have contributed to 
the unexpected behavior.  Regardless of these observations, computer analysis was used 
to attempt to model the temperature induced loads in the Stadium Bridge.  
 
Figure 7.10. Temperature verse time for ambient temperature recorded by the UMass 
weather station and the temperature for three selected strain gages. 
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7.3.3 Computer Modeling 
 
 
 Computer modeling of the temperature loads on the stadium bridge was 
performed using the structural analysis software ADINA.  MASTAN2 only calculates 
temperature induced forces, while ADINA is able to determine axial forces, stresses, and 
strains for line elements.  If an unrestrained line element were modeled with a uniform 
temperature change in MASTAN2 and ADINA, neither would find any member axial 
forces, however ADINA would still provide member strains.  For this reason ADINA 
was chosen to model temperature effects on the stadium bridge.  Truss members were 
modeled as line elements in ADINA and the same section and material properties used in 
previous models were defined; a coefficient of thermal expansion of 1.2x10
-5
/
o
C for 
structural steel was also applied to the model.   
The change in temperature from 7:00 am to 11:30 am was modeled, as the 
greatest temperature change in all members occurred during this time.  A uniform 
temperature change of 14.74 
o
C was applied to all members of the bridge, which was 
determined by averaging the temperature change in all gages during in the 7:00-11:30 am 
time span.  Two models were run, both analyzed as trusses, one with a pin-roller support 
condition and a second with a pin-pin support condition.  For the pin-roller model, all 
strains were found to be 176.8 με; this was expected since this there is no restraint 
preventing thermal expansion and no forces would develop in the truss; thus strain equals 
the coefficient of thermal expansion multiplied by the change in temperature.   
Strains from the pin-pin model were nearly identical to the pin-roller model, 
except for the bottom chord strains.  Member strains and stresses from the pin-pin model 
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are listed in Table 7.18.  The strains calculated in ADINA were mostly a result of thermal 
expansion not force, this can be seen by the corresponding stresses for each member, 
which were all essentially zero, except for the bottom chord L1-L2.  The stress in the 
bottom chord calculated in ADINA was roughly 6 times greater than the stress measured 
on the bridge.  Although the bridge supports were modeled as completely fixed, it‟s likely 
the bridge supports are somewhere between fixed and pinned.    
 
Table 7.18. Strains and stresses resulting from the temperature change on the stadium 
bridge from 7-11:30am measured on the bridge and determined through the ADINA 
model. 
Member Gages Δμε (gage) σ Gage (psi) Δμε (computer) σ ADINA (psi) 
L0-U0 G1 83.3 2417 176.9 -7.1E-12 
L1-U0 G2 11.9 345 176.9 1.7E-11 
L1-U1 G3 0.3 8 176.9 0 
L1-L2 G4, G5, G6 -26.7 -774 2.8E-13 -5129.5 
L1-U2 G7 72.8 2111 176.9 5.5E-12 
U1-U2 G8, G9, G10 64.2 1862 176.9 -1.6E-11 
 
  
The first model of temperature change on the bridge was based on the assumption 
of a uniform change in all members, however this was not observed through the gage 
temperature readings.  A second model of the temperature loads on the Stadium Bridge 
was created where the temperature change measured on each member was applied to the 
corresponding elements in the model, rather than just applying a uniform change across 
the entire bridge.  Only six truss members were instrumented, so the change in 
temperature was not known for all members on the bridge, therefore the same 
temperature change was applied to all like members.  For example, the change measured 
in the bottom chord member L1-L2 was applied to the bottom chord members L0-L1 and 
L2-L3 as well, this was done for all outer diagonals, inner diagonals, and top chord 
members.  Temperatures were averaged for members having more than one gage.  The 
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same temperature change measured in the time span from 7:00-11:30 am was used for 
this model as well.   
 Pin-pin and pin-roller support conditions were used in the second model, and as 
with the first, there was little difference in the results from either except for in the bottom 
chord.  Results from the model having the pin-pin support condition are listed in Table 
7.19.  Again, most stresses were found to be zero, with the exception of the bottom chord, 
only an 8% difference was observed in the bottom chord stress for the two methods of 
applying temperature change.  The bottom chord force still differed from the measured by 
4000 psi.  
 
Table 7.19. Measured strains and strains from computer modeling of the temperature 
change on the stadium bridge for individual members. 
Member Gages ΔT  Δμε (gage) σ Gage (psi) Δμε (computer) σ ADINA (psi) 
L0-U0 G1 18.8 83.3 2417 178.6 -9.43E-12 
L1-U0 G2 12.8 11.9 345 197.2 2.04E-11 
L1-U1 G3 15.5 0.3 8 203.6 -1.10E-11 
L1-L2 G4, G5, G6 11.0 -26.7 -774 -8.0 -4715 
L1-U2 G7 14.2 72.8 2111 191.4 3.14E-12 
U1-U2 G8, G9, G10 17.7 64.2 1862 203.6 -1.73E-11 
 
 
Computer models of the temperature loads on the stadium bridge were not found 
to effectively predict the measured behavior of the bridge.  The temperature change from 
7:00-11:30 am was modeled in two ways: first it was assumed that temperature change 
was uniform over the entire bridge, and the second method involved applying measured 
temperature changes to individual members on the bridge.  Despite this, results from each 
model were similar, but neither was close to the measured values.  Several assumptions 
made in the computer modeling may have had an effect on the results.  First the bridge 
was modeled as a 2-d truss, so the effect of the deck system, mainly the beams and 
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stringers was not taken into account.  It also appears that direct sunlight on the bridge 
may have had an effect on strain and temperature readings, something that could not be 
accounted for in the models save for the applying different temperature changes to the 
members.  The truss members on the stadium bridge are complicated composite sections, 
and it was found that their behavior under temperature load is difficult to model simple 2-
D line elements.  One important finding from the measuring temperature loads on the 
Stadium Bridge is a better understanding of the support conditions.  The strains measured 
in the bottom chord and determined through computer analysis of the temperature loads, 
seem to indicate that the support conditions are not a true pin-roller.  Although the 
models of load tests indicate the support conditions to be closer to pin-roller than pin-pin, 
they must provide some restraint against horizontal movement, which allowed the 
compressive forces to build up in the bottom chord as bridge temperature increased.  
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CHAPTER 8 
 
 
8 CONCLUSIONS 
 
8.1 Wrought Iron Material Characterization 
 
 Although wrought iron has not been used in new bridge construction for nearly a 
century, there are many historic bridges still in use throughout the United States that 
contain wrought iron members or components.  Many engineers are unfamiliar with 
wrought iron and its properties, thus a better understanding of the mechanical properties 
of this material can aid engineers in the assessment of historic bridges for preservation 
and rehabilitation.      
 Material testing was conducted on late 19
th
 century wrought iron salvaged from 
six historic truss bridges built and originally used in the New England states.  Values of 
yield and ultimate strength, ductility, and hardness were determined from testing beam 
hangers of all bridges as well as additional member types from two of the bridges.  The 
experimental design allowed the variation of mechanical properties across bridges within 
a single member type to be examined as well as the variation across multiple member 
types from a single bridge.  With the exception of the lacing members, it was observed 
that the variation in strength was larger for a single member type across many bridges, 
than for multiple members on a single bridge.  The non-structural lacing members were 
found to exhibit different properties than the other structural elements tested, as they had 
greater values of strength and lower values of ductility.    
 Hardness testing is an easy to perform non-destructive test, and was investigated 
as a possible predictor of wrought iron properties.  The correlation between hardness and 
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strength was examined, as well as the correlation between hardness and ductility.  A 
weak positive correlation was found between hardness and strength, although the 
correlation between hardness and ultimate strength proved to be somewhat stronger than 
that between hardness and yield strength.  The correlation between hardness and ductility 
was also found to be weak, however samples that recorded very high values of hardness, 
greater than 65 Rockwell hardness B, exhibited substantially lower values of ductility.  
Although the results showed hardness testing is not sufficient to predict the yield or 
ultimate strength of historic wrought iron, they do indicate it could be useful as a field 
screening test to identify material with low ductility since Rockwell B hardness greater 
than 65 is a very strong indicator of percent area reduction less than 30% and percent 
elongation less than 10%.   
 Several 19
th
 century reports on wrought iron (Beardslee 1879, Kirkaldy 1862) 
mention a size effect in wrought iron, where members of greater thickness have less 
strength, possibly due to the additional amount hot working required to fashion smaller 
sections.  The wrought iron tested for this study came from structural members of six 
different thicknesses; values of strength were plotted against member thickness and the 
correlation between these two properties was examined.  A size effect was observed in 
both yield and ultimate strength, with strength decreasing as original member thickness 
increased.  This correlation was found to be stronger in yield strength than for ultimate 
strength.  Although the correlation was not strong enough for thickness to be a direct 
indicator of wrought iron strength, thickness should be taken into account when 
evaluating wrought iron strength on a truss bridge. 
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 Wrought iron is unique from other metals in that it contains long strands of 
impurities known as slag.  It was hypothesized that these slag particles reduce the 
effective area of the iron, thus a greater amount of slag in wrought iron would correspond 
to a decrease in tensile strength.  The slag contents of five tensile specimens were 
determined through microscope analysis, and regression lines fitted to the data showed a 
weak relationship between these two properties; however, as only five specimens were 
examined no definite conclusions could be drawn from the data.  Since the process used 
for investigating slag content was slow and labor intensive, this relationship was not 
pursued further than the five specimens.  Slag content alone may not be good indicator of 
wrought iron strength as other factors such as chemical composition and the amount of 
working (as shown through the size effect) can influence the mechanical properties of 
wrought iron.  
Overall it was found that average yield and ultimate strength varies from bridge to 
bridge, so it is not advisable to use tests on iron from one bridge to predict the strength of 
iron in another bridge.  Despite this, average yield and ultimate strength appear to be 
quite consistent across structural member types, excluding non-structural lacing 
members, within a bridge, so it may be possible to avoid destructive testing on some of 
the more critical structural members, confining testing to more easily replaceable 
members.  If this is done, the engineer should take account of the effect of member size 
on yield and ultimate strength. 
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8.2 Truss Bridge Analysis 
 
  The Adaptive Use Bridge Project at UMass Amherst strives to incorporate 
historic bridges into the Civil Engineering curriculum.  The project has a collection of ten 
historic truss bridges which have been donated to the university, and ultimately plans to 
restore these bridges and rebuild them on campus.  One of these bridges, the Stadium 
Bridge, is a Warren pony truss bridge that has been reconstructed on a pedestrian 
footpath near the UMass football stadium.  This bridge was instrumented with dial gages 
and strain gages to measure its response under loading.  There are two main goals for the 
instrumented Stadium Bridge: first, use the measured bridge response from load testing to 
gain insight into truss bridge behavior; second, although not discussed with detail in this 
thesis, use the instrumented Stadium Bridge as a teaching tool in the undergraduate level 
structural engineering class.    
 The stadium bridge was instrumented with three dial gages, placed along the 
bottom chord of the bridge‟s eastern truss, and ten vibrating wire strain gages placed on 
seven different truss members.  Measured strains were converted to force using a 
modulus of 29000 ksi and the measured cross sectional areas of each member.  
 Two series of load tests were conducted on the Stadium Bridge: first in the 
summer of 2008, then in the summer of 2009.  During the 2008 load tests the bridge was 
loaded with a Chevy Silverado pickup truck and with a John Deere 410E bucket loader, 
for these tests only values of deflection were measured.  The load tests conducted in 2009 
involved loading the bridge with a Jeep Grand Cherokee and again with the John Deere 
bucket loader.  Values of deflection and member strain were measured for the 2009 load 
tests.  Maximum deflections occurred when the bucket loader was positioned with its 
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center of gravity at the center of the bridge when a deflection of 0.1445 inches was 
recorded at mid-span of the 40 foot span bridge; for this loading member axial stresses 
ranged from 2.09 to 11.06 ksi.  
Computer models were used to simulate the load tests and results were compared 
to the measured bridge response.  Pin-pin and pin-roller support conductions were 
considered in the models, and three different connection types were considered: pinned, 
fixed, and gusset plates modeled using rigid end zones.  Comparison of computer results 
for the 2008 load tests, found deflections from the pin-pin support models to be less than 
those from the pin-roller models by, on average, 40%.  Values of deflection from 
computer models with the pin-roller support condition were consistently closer to 
measured deflections than those from models with the pin-pin supports, which had 
percent errors ranging from 45% to 60%.  Values of deflection where also compared 
between models of different connection type.  Deflections between the fixed and pin-
connected models were very similar, only differing by 1% for locations L1 and L2, while 
differing 13% for location C.  Values of deflection between the gusset connected models 
and the truss models differed by 17% for locations L1 and L2, while only differing 4% 
for location C.  An overall comparison to measured values of deflection found that the 
pinned and fixed connection models were consistently more accurate in predicting 
deflection than the gusset models.   
 Values of deflection and strain were recorded for the load tests conducted in 2009 
and several unexpected strain readings were observed.  These included substantial forces 
in the member U1-L1, which was expected to be a zero force member; and different 
strains recorded by the gages on the top chord, where the gages were placed at different 
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locations on the cross section indicated a moment in the member U1-U2.  Computer 
models for the 2009 load tests included pinned and rigid connected models with a pin-
roller support condition.   Values of member axial force from the pin connected and rigid 
connected models were found to be very similar with less than a 1% difference.  This was 
due to the truss sections on the stadium bridge having much greater axial stiffness than 
bending stiffness, thus setting the connections rigid provided little additional stiffness to 
the overall system.  
 Axial forces determined from the computer models were compared to values 
measured during the load tests.  Values of axial force from the computer models differed 
from measured forces by as much as 60% in some members; however computer models 
were better in predicting axial forces in the top and bottom chords than in the diagonal 
and vertical members.  The difference between the measured and predicted axial loads 
was typically greater than the difference between the measured and predicted deflections, 
possibly a result of increased difficulty in measuring axial force due to the complicated 
geometries of the built up sections found on the Stadium Bridge.  Overall, it was found 
that the pin-roller truss connected models were the most accurate in predicting member 
axial loads and deflections.   
 Bridge strains were also measured over the course of a summer day to record the 
effect of temperature change on bridge behavior.  The effect of a temperature change of 
14.74 
o
C measured from 7:00 am to 11:30 am on the structure, was modeled using a pin-
pin support condition.  Values of strain measured on the bridge were found to be very 
different from the models, and significant tensile strains were measured in members 
found to have nearly zero strains from the models.  One possible reason for the erratic 
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behavior of the bridge strains could be due to the effect of direct sunlight on the bridge, 
heating exposed members to higher temperatures than shaded members.  Although the 
computer models were not able to match the measured values of strain, compressive 
strains measured in the bottom chord, indicate that the supports provide some horizontal 
resistance and thus are not a true pin-roller.  
  
8.3 Future Work 
 
 This thesis presents the results from the mechanical testing of 53 wrought iron 
coupons from six 19
th
 century bridges, and investigates of the variation of these 
properties and the correlation to hardness and member size.   Additional research could 
focus on investigating the correlation between the mechanical properties of wrought iron 
and chemical composition, as this correlation could be beneficial to engineers as a 
possible non-destructive evaluation method.  Researchers such as Robert Gordon (2005) 
and Beadslee (1879) have investigated some of the effects of chemical composition on 
wrought iron properties; this could be examined further using the significant number of 
wrought iron specimens tested at UMass.  Finally, tensile testing of primary structural 
members with similar thickness to the lacing members could be useful to determine if the 
lacing iron was indeed of different quality than that of main structural members, or if 
members of very small thickness have similar properties.  
 Load tests on the Stadium Bridge allowed the behavior of a truss bridge to be 
examined; however some of the strains measured were unexpected and raised several 
questions regarding the behavior of this bridge.  Additional gages mounted on the bridge 
could provide more insight into the behavior of this bridge.  A gage on the outer angle of 
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the vertical member L1-U1 could resolve whether this member carries a substantial 
tensile load, or if the measured force was simply a result of the deck beam to truss 
connection.  Unexpected large forces were measured in the outer diagonal member L1-
U0, a strain gage on the outer angle of this member or perhaps a second gage on the inner 
angle could be used to check the forces in this member.  Finally, if additional load tests 
are conducted with a motor vehicle, it is recommended that the vehicle be weighed and 
the axle weight distribution be established prior to testing to reduce error in the computer 
models. 
 Historic truss bridges were not built to the same design standards as modern 
bridges, and as a result are continually decreasing in number.  Many historical bridges 
make use of unique structural forms, sections, and materials no longer used in modern 
construction and are worth preserving for these reasons.  Historical bridges can act as 
links to the past and demonstrate the ingenuity and knowledge, as well as the limitations 
of 19
th
 century bridge engineering in the United States.   
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